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Abstract
Subsurface temperature increase is observed widely around the world. One way, the warming of
underground is worried for its potential negative impact to human health, e.g., by influencing the
drinking water quality, while on the other hand, some view it as a potential source of shallow
geothermal energy. To further discuss utilization of the shallow geothermal energy, subsurface
temperature distribution simulated by a 3-D approximation of the studied strata was considered to
be helpful for selecting installation spot of geothermal facilities. However, groundwater flow
factor has not been considered in a 3-D simulation of subsurface temperature yet. Hence this study
aims at building a 3-D model of subsurface temperature while considering groundwater flow using
FEFLOW simulator. Appropriateness of the modeling approach was inspected initially, after
which quality of the 3-D model built was estimated by its ability to reproduce local groundwater
contour and to catch the influence of groundwater flow to subsurface temperature. Temperature
distributions under scenario of urban heat island were simulated considering groundwater flow
and excluding groundwater flow, respectively, which were compared to each other to inspect the
influence of flow to temperature distribution. The results showed that (i) current modeling
approach is reliable, that local groundwater flow can be well reproduced by a steady-state
simulation of the 3-D flow-UHI joint model built, and the influence of groundwater flow to
subsurface temperature can be caught by the 3-D model; (ii) groundwater flow do influence
subsurface temperature distribution, hence the approach here in this study is considered helpful to
improve the accuracy of mapping the heat stock of subsurface UHI. Moreover, sewage system sis
better added to such simulation for a more realistic approximation of the underground thermal
environment
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1

Introduction

1.1 Subsurface temperature increase and the debate on it
Subsurface temperature increase in urban area, especially in city centers was observed globally
1, 2, 3

, and this phenomenon is termed as underground urban heat island (UHI) or subsurface UHI in

literature 2, 4, 5. The temperature increase in subsurface is linked to land use3, and besides, some
researchers have noticed that underground exploitation e.g., running of underground
infrastructures can lead the temperature to increase in underground space6,7,2,8.
One way, the subsurface UHI was stated as a disturbance of human activities to the natural
thermal state of the underground space 6,1, whose potential negative impact to the environment is
worried. Impact of the subsurface UHI on drinking water was reported 5, and furthermore, the
correlation between urban green areas and subsurface warming was investigated, aimed to provide
information on coping with the warming9.
However, on the other hand, at urban sites which are warmer in subsurface than their surrounding
rural sites, an overall higher COP of heat pump facilities was observed 10. And some researchers
positively insist that the subsurface UHI can be a potential source of shallow geothermal energy 11,
7, 8.

1.2 Approaching anthropogenic shallow geothermal energy
This study takes the viewpoint that subsurface temperature increase is a hopeful shallow
geothermal energy. For utilization of such shallow geothermal energy, a spatial distribution of
subsurface temperature has been considered to be useful for selecting an installation site of
geothermal facilities.
Spatial distribution of anthropogenic heat flux into the urban aquifer was simulated in two
Germany cities based on temperature data 8, but without considering groundwater flow. Also, even
simulation on subsurface temperature in the strata heated by subway tunnels observed the
groundwater flow factor7, the observation in a 3-D model has not been done yet. However, a 3-D
8

model is considered to be a better approximation of the strata than a 2-D schematic model.
Thus, considering groundwater flow in 3-D model is necessary for obtaining a precise
subsurface temperature distribution to represent the real. This is because that a 3-D model can
contain more information of study area than the 2-D one, e.g. elevation; and heat is very possibly
transferred through advection when groundwater flow appears, which is a potential factor
influencing the temperature distribution.

1.3 Objectives and the structure of this study
As introduced above, subsurface temperature increase is a hopeful source for shallow
geothermal energy even meanwhile is a potential environment risk as the subsurface UHI. Taking
the positive view and approaching the phenomenon, visualizing the spatial distribution of
subsurface temperature is considered significant for enabling a direct observation of the potential
heat stock initially before further discussions. In this way, facilitating the accuracy of subsurface
temperature distribution map is meaningful. Hence, this study aims at adding groundwater flow
factor to the 3-D simulation of urban-heat-island influenced subsurface temperature, which has
been expected helpful for improving the accuracy of the temperature simulation.

The study is structured as Figure 1-1. First of all, a study area was chosen for model building
(Chapter 2). Then simulation scenarios were designed (Chapter 3). Next, phenomena to be
simulated were grasped theoretically, after which conceptual models of the simulation were built
(Chapter 3). The conceptual models were then converted into numerical models in the further step
(Chapter 4). The results of the numerical models were compared with measured data respectively
to inspect the simulation quality, after which the results were discussed (Chapter 5), and finally the
conclusions were given (Chapter 6).

9

Figure 1-1 The structure of this study
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2

Study area

This chapter introduces basic information of the study area in several aspects relating to the
research topic.
An area near the Ohashi Junction (35.652247 N, 139.688309 E, on Google map) in Meguro Ward
was chosen as the study area for 3-D model building, as an extension of a previous 2-D one 7. The
area is quite urbanized in its subsurface space, with sewage system appearing from 1960 s 12, three
underground railways earliest of which was opened in 1964

13,14,

and specially, a long

underground highway tunnel, the Yamate Tunnel, which is the longest highway tunnel in Japan 15.
Hence to investigate thermal influence of underground artificial constructions, this area is
considered to be proper.
Shape of the study area was specified mainly by connecting ridges of local groundwater table
contours, encircling the target underground constructions and the local rivers (Figure 2-1). The
main parts of the target constructions were far enough from the outline of the study area (> 40 m)7,
which corresponded to the side boundary of the 3-D model. Thus it is reasonable to consider that
the thermal influence of the constructions to subsurface temperature can be captured by the model
made of this study area. A topographic base map was traced to portray the river and tunnels in the
study area.

11

Figure 2-1 Map of the study area (adapted from the landform classification map, Ministry of
Land, Infrastructure, Transport and Tourism)16

Maps were manufactured via ArcGIS software (version 10.4, ESRI), and the plane rectangular
coordinate system (JGD 2000 zone 9 of the Japanese Geodetic System)17 was used as the
projection coordinate system.

2.1 Geology
The study area is surrounding the Meguro River and the Shibuya River, and locates in the
Meguro Upland (Figure 2-2)18. The Meguro Upland is a part of the Musashino Upland consisting
of deposits of the Musashino Gravel Layer, which originated from a geologic formation higher in
elevation: the Shimosueyoshi Upland. The Shimosueyoshi Upland was eroded by the old Tama
river 100~ 30 thousand years ago, making the deposition of Musashino Gravel Layer. Kanto Loam
has been deposited later, overlaying on the Musashino Gravel Layer, which covers the surface of
the Meguro Upland18.
12

Figure 2-2 Landform classification map in the vicinity of Musashino Upland, study area is circled
by the red rectangle18

2.2 Hydrology and hydrogeology
Around 1599 mm/year rain precipitates in the study area averagely19, while approximately 365
mm/year of water infiltrates downwards into the underground space 20.
The Meguro River, the trunk stream in the study area, does not have a great flow21. Cases is
the same for the neighboring river22. Almost all of the Kanto Loam Layer and most part of the
Loamy Clay Layer have been eroded by the Meguro River, making the Musashino Gravel Layer
the river bed23. Since the Musashino Gravel Layer is the permeable layer in the local strata
through which groundwater flow (Figure 2-3, A8 is the aquifer)24, the water level in the Meguro
River is the local groundwater level. Groundwater is shallow in this area that there are many
springs near the river (Figure 2-4)25.

13

Figure 2-3 Local groundwater level in the strata24
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Figure 2-4 Location of the Meguro River (marked by the red frame) and springs around it25

Annual groundwater level change near the study area is not significant. The fluctuation of
groundwater level is not significant along months in a year (smaller than 1 m) and this is also true
for data took along years26.

2.3 Land use
Solar radiation is a pathway that strata receive heat. When solar radiation reaches land surface,
only a part of the radiation can be absorbed by the land, while the others are reflected. Albedo, the
reflecting rate of the land surface to solar radiation, is considered to be correlated with the texture
of land surface 27, which means that land use condition will influence the thermal budget of the
strata, resulting in the variation of land surface temperature. Since land surface temperature will be
15

a direct input to the model in this study (to be introduced in 4.2.5.1), it is important to survey the
land use pattern and its change in the simulation duration. Temporal changes of the land use in the
study area were reported by the Geospatial Information Authority of Japan 28, as shown by Figures
2-5~ 2-7. See Figure 2-8 for the legend.

Figure 2-5 Land use condition in vicinity of the study area, year 191428

Figure 2-6 Land use condition in vicinity of the study area, year 194628
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Figure 2-7 Land use condition in vicinity of the study area, year 197528

Figure 2-8 The legend of the land use map28

In 1910s, the study area was almost used as a farm land, with only area near the railway
urbanized. The urbanized area was extended in the mid-1940s. Until late 1970s, farm land has
disappeared in the study area and its vicinity, while urbanized area was extending from the central
zone of Tokyo Metropolitan to suburban villages.

2.4 Underground urban development
Anthropogenic heat in underground space has been assumed mainly being produced by
subsurface energy consumption of human activity, namely underground space exploitation.
In the study area, the exploitation activities in underground space were summarized in Table 2-1.
The Morigasaki Water Treatment Plant (now the Morigasaki Water Reclamation Center), which is
the plant dealing with the sewage water released in the Meguro Ward, was opened in 1967 12. This
is considered to be a symbol that the sewage system in the district had been somehow completed.
17

After the construction of sewage system, the Hibiya Line owned by the Tokyo Metro and the
Denentoshi Line owned by the Tokyu Corporation were opened in year 1964 and year 1977,
respectively (website of the Tokyo Metro and website of the Tokyu Corporation). Later in year
2007, an underground highway, the Yamate Tunnel was opened as a part of the Central Circular
Route by the Metropolitan Expressway Company Limited 15. Then very recently in 2013, the
Tokyu Line, a subway owned by the Tokyu Corpation, was reinstalled underground for relieving
the crowding situation of city function on the ground 29.
See Figure 2-9 for the location of each underground construction (sewage system not included)
in the study area.

Table 2-1 Underground exploitation in the study area

(*All the opening times have been referred to the official site of corresponding owner of the
construction)
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Figure 2-9 Location of the underground constructions in the study area. Red lines represent
subways (HBY: Hibiya Line, DT: Denentoshi Line, TYK: Toyoko Line), while the blue line
represents the underground highway Yamate Tunnel (base map: ESRI map).

2.5 Anthropogenic heat sources
Representative underground constructions (subway tunnels and an underground highway) in the
study area have been focused and defined as the anthropogenic heat sources in this study. Their
heating mechanisms are understood as follows: for the subway tunnel heat, air conditioning use of
the train and the air conditioning use of the tunnel were mentioned in literature as heat releasing
processes of the subway tunnel30; while for the Yamate Tunnel, outdoor air temperature, wind velocity
and traffic volume inside the tunnel were reported as the main factors causing temperature increase
inside the tunnel 31. Then the released heat is transferred by advection of the air inside the tunnel from
air to the tunnel well, and finally being conducted from the tunnel well to the surrounding strata.
19

3

Theory

In this chapter, simulation workflow of current study, physical theories governing the processes,
conceptual understandings of the processes to be simulated are introduced.

3.1 Workflow of simulation
Simulation workflow in this study has been designed as Figure 3-1. At first, a 2-D cross section
observing underground temperature distribution with the existence of a subway tunnel was built.
Establishment of the 2-D cross section was expected to provide a modeling approach, in which
groundwater flow and subsurface temperature distribution in the real can be abstracted and
converted into 2-D rectangle models and further 3-D box models. Then, using this modeling
approach and extending model dimension to 3-D, natural-state of subsurface temperature was
obtained as a groundwater flow model combined with average land surface temperature and
crustal heat flux only. The calculated groundwater contour was fixed in a UHI-influenced
subsurface temperature model later to obtain the subsurface temperature distribution influenced by
groundwater flow. The local groundwater flow was simulated at steady-state (see detailed
explanation in 3.2.1) to obtain a generalized groundwater table contour; while for the
UHI-influenced subsurface temperature simulation, transient mode was used to enable the addition
of timely changing boundary conditions.
To estimate the simulations, firstly, the calculated temperature profile of the 2-D cross section
was compared with a measured datum from a monitoring well to discuss the reliability of the
modeling approach. Then the groundwater contour resulted from the groundwater flow simulation
was compared to a measured one, while the calculated water level was inspected referring to
measured groundwater level data at a well. Finally, a subsurface temperature profile calculated by
the 3-D flow-UHI joint model was compared to a measured subsurface temperature profile to
estimate model quality, and a comparison between the temperature distribution influenced by
groundwater flow and excluding groundwater flow was conducted to see the influence of
groundwater flow to subsurface temperature distribution.
20

Specific model settings are introduced in Chpater 4.

Figure 3-1 Simulation workflow of the study

3.2 Physical theories to be applied
In this section, the governing equations of groundwater flow process and heat transport process
are derived respectively.

3.2.1 Groundwater flow in the strata
Consider the mass balance of water in a representative elementary area (REA) in the 2-D cross
section (Figure 3-2 (A)) case, and a representative elementary volume (REV) in the 3-D schematic
strata (Figure 3-2 (B))27. Assume water density as ρ (kg/m3).
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Figure 3-2 Mass balance in (A) a REA for the 2-D cross section and (B)27 a REV for the 3-D
model

In x direction of the 2-D case, when ρqx ∆𝑦∆𝑡 of mass entering into the REA, there is
(ρqx +

∂ρqx
∂x

∆x)∆𝑦∆𝑡 of mass draining out of the REA, where qx is the volumetric flux of water

(m3/(m·s)). Then mass stock in x direction is
𝜌𝑞𝑥 ∆𝑦∆𝑡 − (𝜌𝑞𝑥 +

𝜕𝜌𝑞𝑥
𝜕𝑥

∆𝑥)∆𝑦∆𝑡 = −

𝜕𝜌𝑞𝑥
𝜕𝑥

∆𝑥∆𝑦∆𝑡 [kg]

(3-1)

Similarly, mass stock in y direction of the REA can be derived as
(𝜌𝑞𝑦 ∆𝑥∆𝑡 + 𝑞𝐼 ) − (𝜌𝑞𝑦 +

𝜕𝜌𝑞𝑦
𝜕𝑦

∆𝑦)∆𝑥∆𝑡 = −

𝜕𝜌𝑞𝑦
𝜕𝑦

∆𝑥∆𝑦∆𝑡 + 𝑞𝐼 [kg]

(3-2)

Add Formula 3-1 to 3-2, the total mass stock in the REA is obtained as
−(

𝜕𝜌𝑞𝑥
𝜕𝑥

+

𝜕𝜌𝑞𝑦
𝜕𝑦

)∆𝑥∆𝑦∆𝑡 + 𝑞𝐼 [kg]

(3-3)

On the other hand, the total mass stock in the REA can be derived directly from the total
differential of M (Mass in the REA, kg). Since M= n∆x∆ySw ρ (n: Porosity, dimensionless; Sw:
Saturation, %),
Stock =

dM
dt

∆t=

d(n∆x∆ySw ρ)
dt

dn

∆t=( dt ∆𝑦Sw ρ+

d∆𝑦
dt

nSw ρ+

dSw
dt

dρ

n∆𝑦ρ+ dt n∆𝑦Sw )∆x∆t [kg]

(3-4)

t: Time period during which the mass transport has been considered, s

To simplify the formula, convert n, ∆y and ρ into correlations with the pore water pressure p
22

respectively in order to rewrite dn, d∆y and dρ into expressions of dp.
Firstly, derive the correlation between d∆y and dp from defining the compressibility of soil
particles in vertical direction (y direction in the 2-D case) as αs. It can be known that
d∆y
∆y

=-αs dσz

(3-5)

σz: Effective stress on the strata

Assume the total vertical stress as constant (Formula 3-6).
p+ σz= constant

(3-6)

Thus there is
dσz= -dp

(3-7)

Substitute dσz in Formula 3-5 with Formula 3-7, here it can be obtained that
d∆y=αs ∆ydp

(3-8)

Next, to obtain the correlation between dn and dp, consider that ΔSs, the area for soil particles
in the REA should be constant (Formula 3-9).
∆Ss =(1-n)∆x∆y=constant

(3-9)

Hence, the perfect difference of ΔSs should be zero.
d∆Ss =[(1-n)d∆y-∆ydn]∆x=0

(3-10)

Thus there should have
(1-n)dΔy- Δydn=0
dn=(1-n)

d∆y
∆y

=αs (1-n)dp

(3-11)
(3-12)

Finally, introducing βw, the compressibility of water to correlate dρ to dp. According to the
definition of compressibility,
𝑑𝑉𝑤
𝑉𝑤

= −𝛽𝑤 𝑑𝑝
23

(3-13)

Vw: Volume of water

Assume the mass of pore water remains constant, hence there should be
d(ρVw)= ρdVw+ Vwdρ=0

Derive

𝑑𝑉𝑤
𝑉𝑤

(3-14)

from Formula 3-14 and substitute it into Formula 3-13, then
dρ= βwρdp

(3-15)

Substitute Formula 3-8, 3-12 and 3-15 into Formula 3-4
Stock =

dM
dt

𝑑𝑝

∆t=ρ [𝑆𝑤 (𝛼𝑆 + 𝑛𝛽𝑤 ) 𝑑𝑡 + 𝑛

𝑑𝑆𝑤
𝑑𝑡

] ∆𝑥∆𝑦∆𝑡

(3-16)

According to the law of mass balance, Formula 3-16 should equal to Formula 3-3. Hence
theoretically, groundwater flow in the strata follows the rule below.
𝜕𝜌𝑞𝑥

−(

𝜕𝑥

+

𝜕𝜌𝑞𝑦
𝜕𝑦

𝑑𝑝

) ∆𝑥∆𝑦∆𝑡 = ρ [𝑆𝑤 (𝛼𝑆 + 𝑛𝛽𝑤 ) 𝑑𝑡 + 𝑛

𝑑𝑆𝑤
𝑑𝑡

] ∆𝑥∆𝑦∆𝑡

(3-17)

As introduced in 2.2, groundwater level in the study area does not change significantly along
years. Hence a steady-state simulation has been thought sufficient to obtain a generalized
distribution of groundwater head for the study area. Thus all time-relating terms should be turned
off. Assume density of groundwater remains constant, then Formula 3-17 can be converted into
𝜕𝑞𝑥
𝜕𝑥

+

𝜕𝑞𝑦
𝜕𝑦

=0

(3-18)

Since groundwater level is high in the area that it even springs out of the ground (see 2.2 for
detailed introduction), the local strata have been assumed as fully saturated. When the hydraulic
conductivity in x and y direction is written respectively as Kx and Ky, the specific discharge q is
∂h

q= qxex +qyey = -Kx

∂x

∂h

𝒆𝒙 - Ky

∂y

𝒆𝒚 = -Kgrad (h)= -K∇h

(3-19)

ex, ey: unit vector in x direction and y direction;

Substitute Formula 3-19 into Formula 3-18,
∂

∂h

∂

∂h

∇∙(-K∇h)= div(-Kgradh)= -( ∂x (K x ∂x) + ∂y (K y ∂y) )= 0
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(3-20)

Assume the strata is isotropic, then the equation governing the groundwater flow process in the
2-D cross section is
𝜕2ℎ

𝜕2ℎ

K(𝜕𝑥 2 + 𝜕𝑦 2) = 0

(3-21)

Similarly in the 3-D schematic strata, the groundwater flow process is governed by
𝜕2ℎ

𝜕2ℎ

𝜕2ℎ

K(𝜕𝑥 2 + 𝜕𝑦 2 + 𝜕𝑧 2 ) = 0

(3-22)

3.2.2 Heat transport in the strata
Thermal conduction has been assumed for the heat transport in strata, while heat also carries by
groundwater and transport in thermal advection. Dispersion is not considered in current study.
Consider the heat budget in a REA in the 2-D cross section (Figure 3-3 (A)) and a REV in the 3-D
schematic strata (Figure 3-3 (B)).

Figure 3-3 Heat balance in (A) a REA for the 2-D cross section and (B) a REV for the 3-D model

In the 2-D case, the volumetric flux of heat entering the REA (J/(m·s)) qx is
qx = (-λ

∂T
∂x

+ux ) Δy|𝑥

λ: Thermal conductivity, W/(m·K);
T: Subsurface temperature, ℃;
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(3-23)

ux: Groundwater flow velocity in x direction, m/s

On the other hand, the volumetric flux of heat draining out of the REA (J/(m·s)) qx should be
qx= (-λΔy

∂T
∂x

+ux ) ∆𝑦|x+∆x

(3-23)

Assume soil density as ρs (kg/m3) and specific heat of soil as cP (J/(kg·K)). Then, the rate of heat

accumulation in the REA is
𝜕𝑇

(∆x∆y)ρ𝑐𝑃

(3-24)

𝜕𝑡

Assume no heat source in the REA, hence in x direction there should be
(-λ

∂T
∂x

+ux ) ∆𝑦|𝑥 − (-λ

∂T
∂x

+ux ) ∆𝑦|x+∆x=(∆x∆y)ρ𝑐𝑃

𝜕𝑇

(3-25)

𝜕𝑡

When Δx→0, the rate of heat accumulation in x direction is
𝜌𝑐𝑃

𝜕T
𝜕𝑡

=−𝑢𝑥

𝜕T

𝜕2 T

𝜕𝑥

𝜕𝑥 2

+λ

(3-26)

Thus for the whole REA, the rate of heat accumulation is
𝜌𝑐𝑃

𝜕T
𝜕𝑡

=−(𝑢𝑥

𝜕T
𝜕𝑥

+ 𝑢𝑦

𝜕T
𝜕𝑦

)+λ(

𝜕2 T
𝜕𝑥 2

+

𝜕2 T
𝜕𝑦 2

)

(3-27)

Formula 3-27 turns out to be the equation governing heat transport process in the 2-D cross section.

Similarly, in the 3-D schematic strata, governing equation for the heat transport process is
𝜌𝑐𝑃

𝜕T

𝜕T

𝜕𝑡

𝜕𝑥

=−(𝑢𝑥

+ 𝑢𝑦

𝜕T
𝜕𝑦

+ 𝑢𝑧

𝜕T
𝜕𝑧

)+λ(

𝜕2 T
𝜕𝑥 2

+

𝜕2 T
𝜕𝑦 2

+

𝜕2 T
𝜕𝑧 2

)

(3-28)

3.3 Establishing conceptual models for the processes
Conceptual captures of the phenomena to be simulated in this study are summarized in this
section.
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3.3.1 A 2-D cross section for modeling approach
Initially, a subway tunnel heating its surrounding strata in a 2-D cross section discussed by a
previous study7 was remade using another simulator to obtain a modeling approach firstly. The
modeling approach was expected to be able to abstract the phenomenon of groundwater flow
influenced subsurface temperature distribution in the real and convert it into 2-D rectangle models
and further 3-D box models. The heat transport phenomenon in the cross section was captured
schematically as Figure 3-4.

*GW: groundwater
Figure 3-4 The schematic figure for heat transport in the 2-D cross section

The cross section has been ideally taken as a rectangle with geologic features in it, and shape of
the underground construction has been simplified. Make the side edges of the rectangle far enough
from the construction, then the heat released by the construction cannot reach the side edges.
Hence side edges can be treated as no heat flow boundary. The top edge of the rectangle represents
the land surface into which surface temperature data were given as a boundary condition. In the
bottom edge, heat flux from the crust flowing vertically into the domain has been assumed.
Groundwater flows through the stratum which is considered as the aquifer.
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3.3.2 Extending dimension to 3-D
Use the same approach of conceptual model building, the mechanisms of local groundwater flow
and the mechanisms of UHI have been captured to simulate the scenarios mentioned in 3.1 for
further discussion. The 2-D rectangle has been extended into 3-D cubic boxes to represent the
strata. Abstraction of the phenomena, namely conceptual models for both the groundwater flow
process and the UHI process, are introduced below.

In this study, the formation of local hydraulic head distribution has been comprehended as shown
in Figure 3-5: infiltration enters the model domain as potential groundwater recharge, and then the
groundwater flow out of the model domain as rivers at places where the land surface elevations
suddenly drop, e.g., the river bed. The river water level has been assumed to be relatively stable.
The rivers flow downward the landform and finally drain out of the model domain. As mentioned
in 2.2, flow in the Meguro River is very small. So for convenience of model calculation, here it
has been assumed that the river receives water mainly from precipitation instead of their upstream,
and in this way, side boundary of the model has been set as no groundwater flow.

Figure 3-5 Abstraction of local groundwater flow

To add heat-related factors to the aforementioned groundwater flow system, measured land
surface temperature has been inspected. Increasing trend of subsurface temperature has been
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observed by Miura32 (Figure 3-6). According to Azuma33, temperature difference between air and
subsurface space whose depth is less than 3 m is smaller than 0.5 ℃ in most of his study area. By
this way, shallow subsurface temperature can be viewed as an approximation of the land surface
temperature before 1950 s. Assume this is still true for shallow subsurface temperature and land
surface temperature after 1950 s. Then approximately set the starting time of UHI as year 1945 by
watching Figure 3-6, the land surface temperature can be abstracted as Figure 3-7, divided into a
constant part and a yearly increasing part, representing the scenario before and after the start of
subsurface UHI respectively.

Figure 3-6 Yearly change (1923~1975) of air and subsurface temperature observed by Miura32

Figure 3-7 Abstraction of land surface temperature
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Then the natural state of underground thermal environment can be schematically described as
Figure 3-8. Before any artificial constructions appear, the strata were only receiving heat from
solar radiation at land surface and crustal heating from the bottom, without lateral heat fluxes
(assume heat fluxes induced by land surface temperature and the crust flow vertically). Hence
there is no heat flux at the side boundaries. The subsurface temperature distribution was thought to
be relatively stable along years in this stage.

Figure 3-8 Natural state of underground thermal environment

After the UHI began, the land surface temperature has been assumed to increase like the trend
shown in Figure 3-7 after year 1945, and artificial underground constructions heating their
surroundings appear, which were added to the natural-state strata as inner heat sources (Figure
3-9).
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Figure 3-9 The underground thermal environment after occurrence of UHI

Conceptual models of phenomena introduced above were interpreted into numerical models on
the next step. Finite element heat and groundwater flow modeling software FEFLOW (version 7,
DHI), are used as the simulator in this study.
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4

Model settings

In this part, specific settings including geometries, strata properties, simulation time, initial and
boundary conditions of the 2-D model are introduced firstly. Then for the 3-D model, besides
model geometries, strata properties and simulation time, how the groundwater flow factor being
controlled is further introduced.

4.1 The 2-D model
A 2-D cross section with the tunnel of Tokyu Denentoshi Line in it has been repeated at the first
step following a previous study conducted by Fujii7 to obtain a modeling approach, which is
expected to be able to abstract the subsurface temperature distribution and groundwater flow
schematically as 2-D rectangle models then as 3-D cubic box models further. Location of the cross
section is shown in Figure 4-1. Local groundwater flow direction was obtained by observing the
contour of a landform classification map

16

and has been marked in Figure 4-1. Model settings

were obtained referring to the previous study 7.
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Figure 4-1 Location of the cross section in the study area and local groundwater flow direction
(source of the base map: Ministry of Land, Infrastructure, Transport and Tourism; to facilitate
the easiness for spotting the cross section, the cross section has been enlarged manually. See
Figure 4-4 for the real size)16

4.1.1 Geologic layering
Geologic layering of the 2-D cross section was generally decided based on the previous study7.
The textures of layers have been adjusted finely after inspecting a geologic cross section near the
spot (Figure 4-2; see Figure 4-3 for the legend). Settings of the geologic layering, location of the
aquifer, shape of the tunnel and its location in the strata are shown as Figure 4-4.
The third geologic layer in the strata- the Musashino Gravel Layer, is the aquifer through which
groundwater flows. Assume groundwater flows horizontally in current schematic cross section.
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Figure 4-2 The geologic cross section near the spot (from website of the Bureau of Construction,
the Tokyo Metropolitan Government, the No. 17 cross section) 23

Figure 4-3 Legend for the geologic cross section (from website of the Bureau of Construction, the
Tokyo Metropolitan Government)23

Figure 4-4 Geologic layering of the 2-D cross section, adapted from7

4.1.2 Physical properties of the strata and the groundwater
Hydraulic conductivities of the strata, thermal conductivities and heat capacities of both the strata
and groundwater have been adopted as model parameters in this study depending on the governing
34

equation for groundwater flow process and heat transport process, respectively (see 3.2). Besides,
strata porosities were figured out by subtracting the result of solid density dividing bulk density
from 1 to meet the demand of the calculating approach of FEFLOW software. See appendix for
detailed definition of each parameter.
In current 2-D model, strata-related properties were derived by adapting literature data7, as
summarized in Table 4-1; while for the properties of water, default values in the FEFLOW
software have been used (see Table 4-2).

Table 4-1 Physical properties of the strata (adapted from Fujii, 2010)7

Table 4-2 Default groundwater property values in FEFLOW software

4.1.3 Temporal scenario
Current 2-D simulation was conducted following the time sequence shown in Figure 4-5.
Before any artificial constructions appear in underground space, the strata were heated by the
surface temperature and the crust heat flux only, and till the beginning of UHI, a balanced “natural
thermal state” of the strata was thought to be reached. Hence a steady-state simulation (see “the
initial condition” in 4.1.4 for detailed settings) has been conducted to obtain the
natural-thermal-state subsurface temperature distribution, which was thought to be the initial
condition of the model discussing thermal influence of underground human exploitation.
Subsurface temperature distribution with the influence of artificial constructions was simulated
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later in a transient model to describe the addition of artificial heat sources into the strata along the
simulation time line. Year 1945, the time point in which UHI is considered to begin in this study
was set as temporal zero point of the transient simulation. The land surface temperature increase,
namely subsurface UHI (see “the boundary conditions” in 4.1.4 for the specific settings), was
assumed beginning from the temporal zero point. Conditions corresponding to the subway tunnel
were added to the model in its opening year (1977, the 32th year in the simulation duration)
subsequently. The model was run continuously until 2002 (the 57th year in the simulation duration),
right after the measurement of a subsurface temperature profile at the Meguro monitoring well.
The calculated result was estimated by a comparison with the monitored data.

Figure 4-5 Temporal scenario for the cross section simulation

Groundwater flow was simulated at steady-state.

4.1.4 Initial and boundary conditions
The initial condition
Before human explore the underground space, there should be a “natural state” of subsurface
temperature, which has been supposed to be the initial condition for the current simulation. Three
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measured temperature profiles containing temperature loggings from land surface to deep
underground -the FCH profile, the SHM profile and the IWT profile (for the IWT profile, data
were arranged as discrete points), were summarized by Suzuki (Figure 4-6)34. Among observation
points of these three profiles, the one of FCH is closer to the location of current 2-D cross section
than the other two (Figure 4-7)34, hence here data of FCH is discussed. To inspect whether the
temperature profile monitored at FCH spot can represent the natural state of subsurface
temperature, the subsurface temperature distribution excluding artificial influences have been
simulated. As boundary conditions of the model, a stable land surface temperature (15 ℃, an
average subsurface temperature before UHI provided by Miura32 (see Figure 3-6), used as an
approximation of the land surface temperature here) and a stable crustal heat flux (0.03 W/m2
(0.76 HFU))34 have been given. The result matched well with monitored geothermal gradient, see
Figure 4-8.

Figure 4-6 Monitored temperature profiles at deep underground34
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Figure 4-7 The lcation map of the observation points for measured subsurface temperature
profile (adapted from Suzuki, 1985)34
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Figure 4-8 Comparison of the calculated (blue) and monitored (red, digitized by Engauge
Digitizer, version 4.1) subsurface temperature profile. In depth down to -100 m, the monitored
temperature profile approximately obeys to T=15+0.015z, which was well reproduced by the
simulation (source of measured data: Suzuki, 1985)34

Hence the monitored temperature profile of FCH spot was given as the initial condition in the
2-D simulation.

The boundary conditions
As described in the conceptual model in 3.3.1, land surface temperature, crustal heat flux,
subway tunnel temperature, and groundwater flow are given as boundary conditions to portray
artificial-construction-influenced temperature distribution in the cross section. Here in this part,
aforementioned boundary conditions are introduced respectively.

● The land surface temperature and crustal heat flux
Land surface temperature was based on Formula 4-127. To describe the influence of UHI, a
temperature increasing rate was added to the formula, which was introduced in details later in this
part.
T(0,t)=T0 +A0 sin (

2πt
τ

(4-1)

-∅)

T0: Average land surface temperature, ℃;
A0: The amplitude of land surface temperature, ℃;

τ: The period of land surface temperature, year;
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∅: Phase constant, year

In current 2-D simulation, average land surface temperature without UHI was set as 15.5 ℃,
read from Figure 3-632. Amplitude of asphalt surface was reported by Genchi and his colleagues
from a monitor for asphalt land surface temperature at Kyoka Primary School, Chuo Ward of
Tokyo35. Since the cross section is surrounded by highways (Figure 4-9)36, data of asphalt was
thought to be representative for the cross section. Hence, aforementioned amplitude of asphalt
surface (15 ℃) was given to the formula. The period of land surface temperature and the phase
constant has been set as 1 year and 0 year, respectively.

Figure 4-9 Land surface condition near the simulated cross section (captured from Google Map)36

As introduced in 3.3.2, UHI has been set to occur in year 1945. Hence to describe the influence
of UHI to land surface temperature, an increasing rate of surface temperature was added to
Formula 4-1. This increasing rate was quantitatively identify surface temperature increase caused
by UHI, and has been derived by the following procedure. While average surface temperature
before the UHI (1945) was assumed as 15 ℃, 20 ℃ of average surface temperature was
observed in year 1997 (at Kyoka Primary School, Chuo Ward)35, indicating that the land surface
temperature increased 5 ℃ in 25 years. Thus for a year after the beginning of UHI (assume the
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year as t), increase in surface temperature comparing to the no-urban-heat-island average
temperature can be expressed as 5/52t. Adding 5/52t to Formula 4-1, then land surface temperature
boundary condition in the 2-D simulation can be written as
2πt

5

T(0,t)=15℃+15 sin (1 year) + 52 𝑡

(4-2)

For the crustal heat flux boundary, crustal heat fluxes in Knato Plain calculated by Suzuki have
been referred (Figure 4-10)34. Here in this study, 0.03 W/m2 (0.76 HFU), the data taken at the spot
nearest to the studied cross section was given to the model.

Figure 4-10 Crustal heat fluxes in Knato Plain calculated by Suzuki34

● The subway tunnel temperature
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Thermal influence of the subway line has been captured as the temperature of tunnel walls
heating its surrounding strata. Temperatures at the surface of concrete subway tunnels were
measured in a section of Tokyo Metro Hanzomon Line from Otebori ventilating tower to
Tokiwabashi ventilating tower, sandwiching Otemachi Station37. The monitor result was reported
as a monthly changing temperature record (Table 4-3)37, which was adapted to all the years during
the simulation time.

Table 4-3 Monthly temperature change of subway tunnel well surface, adapted from Takeda37

Month

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

T/℃

22.7

22.2

21.3

23.5

23.9

25.8

27.8

28.0

27.9

26.0

26.1

22.8

● The groundwater flow
A Darcy flow of 2.8*10-6 m/s for the local groundwater flow has been obtained by reading a
landform classification map16, and was given as a constant flow in the aquifer.

4.2 The 3-D model
Following the modeling approach obtained at the 2-D stage, the model dimension has been
extended to 3-D (see 3.3 for conceptual details). Specific settings for the 3-D model are introduced
in this section.

4.2.1 Geologic layering
A rough generalized geologic layering of the 3-D model was decided by inspecting and
comparing several geologic cross sections inside the study area. Information of geologic cross
sections is available from the website of the Bureau of Construction, Tokyo Metropolitan
Government23.
Locating the study area into administrative division of Tokyo (Figure 4-11) to spot
corresponding geologic cross section (see Figure 4-12 for the location of geologic cross sections),
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it has been found that geologic cross section No. 16, 17, 18, and 19 (Figures 4-13~4-16, see Figure
4-3 for legend) are crossing through the study area. Referring to the stratigraphy of Tokyo38, the
sand stratum and the gravel stratum have been combined into one as the Musashino gravel
formation. The geologic layering of the study area can be simplified as Figure 4-17. Assume strata
in the study area as homogeneous and isotropic.

Figure 4-11 Location of the study area in administrative division of Tokyo (base map: adapted
from download center of the Geospatial Information Authority of Japan)39
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Figure 4-12 Location of geologic cross sections (from website of the Bureau of Construction,
Tokyo Metropolitan Government)23

Figure 4-13 Geologic cross section No. 16 (the left one in Figure 4-12, from website of the Bureau
of Construction, Tokyo Metropolitan Government)23
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Figure 4-14 Geologic cross section No. 17 (the left one in Figure 4-12, from website of the Bureau
of Construction, Tokyo Metropolitan Government)23

Figure 4-15 Geologic cross section No. 18 (the left one in Figure 4-12, from website of the Bureau
of Construction, Tokyo Metropolitan Government)23

Figure 4-16 Geologic cross section No. 19 (the left one in Figure 4-12, from website of the Bureau
of Construction, Tokyo Metropolitan Government)23
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Figure 4-17 A simplified geologic layering for the 3-D model

The 3-D model was extruded from a plane polygon of the study area referring to the simplified
local geologic layering initially, before elevation data for each geologic layer being given.

4.2.2 Elevation
Surface elevation data of each geologic layer was given to the model after the geologic layering
setting being interpreted into FEFLOW model geometry.
The digital elevation model (10 m mesh, mesh No. 533934, No. 533935, No. 533944 and No.
533945) developed by the Geospatial Information Authority of Japan was interpolated into land
surface, while for the surface of other geologic layers, elevation data were obtained from geologic
cross sections and compiled into shape file maps via ArcGIS software (version 10.4, ESRI). The
shape file maps loading elevation data were interpolated into the model layers.

4.2.3 Physical properties of strata and groundwater
In current 3-D model, since the study area locates in the same location with the 2-D cross
section, both the model parameters and their values were set to be the same with the 2-D
simulation. Hydraulic conductivities in Table 4-1 have been given for all the three directions in the
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3-D model.

4.2.4 Temporal scenario
Current 3-D model was run following the time sequence as shown in Figure 4-18. The same with
the 2-D cross section simulation, the “natural thermal state” of the stratum had been obtained
before adding any boundary conditions for artificial constructions, and year 1945 has been set as
the temporal zero point for the simulation. From this temporal zero point, the land surface
temperature increase, namely subsurface UHI, was considered to begin.
Subsequently, inner heat sources corresponding to considered underground constructions were
added to the model along the time line in which they have been opened. Conditions corresponding
to subway line Tokyo Metro Hibiya Line was added to the model in 1964 (the 19th year in the
simulation duration), following which the Tokyu Denentoshi Line, the Yamate Tunnel, and the
Tokyu Toyoko Line were added in 1977, 2007, 2013, respectively (corresponding to the 25th year,
the 32th year, the 62th year, and the 68th year in the simulation duration). Then the model was
continuously run till year 2017 to predict current subsurface temperature distribution.

Figure 4-18 Temporal scenario for the 3-D simulation

To prevent the impact of unexpected flow to the subsurface temperature distribution, the
hydraulic head was set as a same value for the whole model domain.
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4.2.5 Boundary conditions for the urban heat island
In this part, UHI described as model conditions in the simulation are introduced. Generally, the
subsurface UHI has been understood as the increase of land surface temperature and opening of
artificial constructions in underground space (see Figure 3-9 and corresponding explanation).
Hence underground construction boundary conditions and boundary condition for an increasing
land surface temperature were designed for portraying the occurrence of subsurface UHI.

● The underground constructions
As introduced in 2.4, the subway line and the underground highway are considered in this study.
They are given as inner heat sources to the simulation following the methods introduced below.

(1) The subway
Three underground railroads: Tokyo Metro Hibiya Line, Tokyu Denentoshi Line, and Tokyu
Toyoko Line (the part from station Shibuya to station Daikanyama), locate in the study area.
Since the total amount of released heat and consequently a general subsurface temperature
distribution instead of specific heat distribution near the constructions have been concentrated in
this study, shape of the subway tunnels were omitted and the subway lines were simplified as
line heat sources in current 3-D simulation for the convenience of model geometry building.
Thermal influences of the subway lines to underground space have been captured the same way as
that was in the 2-D cross section simulation introduced in 4.1.4, as temperature of the tunnel walls
heating their surrounding strata. Monitor data of subway tunnel wall surface measured by Takeda
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was used as an approximation for all the subway lines involved in this study, and was adapted to

all the years of the simulation duration.
For the Hibiya Line, depths of all stations are available from literature (Figure 4-19)40. Average
depth of the line, was calculated from averaging depth data of all the stations, and was given to the
heat transport model to locate the line in strata. 12 m was used as an approximation of the
calculated average depth, subjecting to the layer thickness of the model in its vertical direction.

48

Figure 4-19 Stations and their depths of Tokyo Metro Hibiya Line40

In the case of Tokyu Denentoshi Line, average soil covering thickness of 6.93 m were figured out
as the average depth of the line based on data in literature (Table 4-4)41. Practically, 8 m was given
to the model subjecting to vertical layering of the model.

Table 4-4 Soil covering thickness data of the tunnel of Tokyu Denentoshi Line41

For the Tokyu Toyoko Line, the section from station Shibuya to station Daikanyama has been
reinstalled underground, with maximum soil covering thickness of 15.7 m and minimum soil
covering thickness of 4.7 m (Figure 4-20)29. The maximum and minimum values of soil covering
thickness were averaged to obtain the average depth of the tunnel. Such approximation of tunnel
depth was considered reasonable here because that even in current stage the model is not yet
reliable, but finally, the purpose of the model is to discuss geothermal potential and utilization of
the heat released by underground constructions, and obviously, geothermal utilizing facilities
cannot be installed impaling a railway tunnel. Average depth of tunnel calculated by the
aforementioned approach is 10.2 m, and 10 m was given to the model based on the vertical
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layering of the model.

Figure 4-20 Ichnography and profile of shield construction along Shibuya to Daikanyama section,
Tokyu Toyoko Line29

(2) The Yamate Tunnel
Yamate Tunnel is an underground highway tunnel crossing the study area. The same with the
subway case, the tunnel was simplified as a line heat source, representing the tunnel wall.
Surrounding space was considered to be heated by the tunnel wall temperature.

Temperature of the tunnel wall was measured by Yazaki (Figure 4-21)31. However, time scale of
the measurement has not been given in the report. Hence to infer the time scale of the
aforementioned measurement, a comparison between air temperature inside and outside of the
tunnel from the same report has been referred to (Figure 4-22)31. Air temperature out of the tunnel
fluctuates at a period of 1 day, and air temperature inside the tunnel oscillates almost the same
period, as shown by Figure 4-22. Furthermore, in Figure 4-21, it has been observed that
temperature of the tunnel wall changes right after air temperature inside the tunnel. Thus, it can be
concluded that Yazaki’s measurement had lasted for around 18 days, which means daily change of
the tunnel wall temperature was captured. Heat transport model in this study has been designed to
compare the change in temperature distributions at different scenarios, which aims at generalized
temperature distribution results instead of a series of precise results at certain time steps of a single
simulation. So as a very initial stage, the average tunnel wall temperature (around 36.3 ℃) was
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taken as the model input.

Figure 4-21 Measured temperature fluctuation of the tunnel wall, the fire resistant material, and
the air inside the tunnel31

Figure 4-22 Measured air temperature fluctuation inside and outside the tunnel 31
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Average depth of the tunnel was calculated by taking an average of the maximum soil covering
thickness and the minimum soil covering thickness (Figure 4-23)42. Depth of the tunnel was given
as 30 m in the model.

Figure 4-23 Profile of the Yamate Tunnel, the maximum and minimum soil covering thickness are
marked by purple bubble in the graph42

●The land surface temperature and its increase
In the land surface temperature section, UHI means an increase of the surface temperature.
Since several land use type exists in the study area and changes along time as introduced in 2.3,
here the land surface temperature expression for each type of land use is obtained firstly, before
any increase is considered. Using the same approach adopted for the land surface temperature of
the 2-D cross section, Formula 4-1 has been referred to as a paradigm, to which an increasing rate
of land surface temperature was added.
Measured daily temperature changes of different land surface textures have been reported by
literature (Figure 4-24)43. Amplitude for each type of land surface temperature has been decided
from the graph (Figure 4-24), and period of 1 day, the same period with the monitored data, has
been set to plot the surface temperature functions written initially (Formulas 3-10~ 3-12). By
comparing the relative locations of the plotted graphs and corresponding literature graphs in the
time axis (the horizontal axis), the phase constant has been calibrated. Finally, land surface
temperature without considering temperature increase for asphalt surface, concrete surface,
bare-land surface and grass-land surface were written as Formula 4-3~ 4-5, respectively.
2πt 𝜋

𝑇𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 (0,t)=16+22 sin (

τ

- 2)

(4-3)
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𝑇𝑏𝑎𝑟𝑒
𝑇𝑔𝑟𝑎𝑠𝑠

2πt 𝜋
𝑙𝑎𝑛𝑑 (0,t)=14+21 sin ( τ - 2 )

(4-4)

2πt 𝜋
𝑙𝑎𝑛𝑑 (0,t)=14+18 sin ( τ - 2 )

(4-5)

T0: Average land surface temperature, ℃;
A0: The amplitude of land surface temperature, ℃;

τ: The period of land surface temperature, day;
∅: Phase constant, day

Figure 4-24 Measured daily temperature change of air, asphalt surface, concrete surface, bare
land and grass land 43

Similar to the 2-D case, a land surface temperature increase rate of 2/52 ℃/year (see “the
boundary condition” in 1.4.1 for derivation) was added to the temperature functions. However in
the current 3-D case, the unit of the increase rate has been converted to ℃/day. This is because
that 1 day has been set as the period for temperature change here in the 3-D case (τ= 1 day). Hence,
the land surface temperature with UHI considered were written as Formulas 4-6~ 4-8, for each
type of land use respectively.
2πt 𝜋

𝑇𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 (0,t)=16+22 sin (
𝑇𝑏𝑎𝑟𝑒
𝑇𝑔𝑟𝑎𝑠𝑠

τ

1

- 2 ) + 1825 𝑡

(4-6)

2πt 𝜋
1
𝑙𝑎𝑛𝑑 (0,t)=14+21 sin ( τ - 2 ) + 1825 𝑡

(4-7)

2πt 𝜋
1
𝑙𝑎𝑛𝑑 (0,t)=14+18 sin ( τ - 2 ) + 1825 𝑡

(4-8)
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As showed in Figure 4-18, the simulation time started from year 1945 and ended in year 2017.
Referring the time period to the timeline of land use change in the study area, it can be described
that the timely change of land use in the simulation duration is as follows: from the beginning time
of the simulation, the study area was almost used as a farm land, with only area near the railway
urbanized. The urbanized area was found to be extended in the 1st year of the simulation. When
the 30th year of the simulation time came, farm land has disappeared in the study area and its
vicinity, while urbanized area was extending from the central zone of Tokyo Metropolitan to
suburban villages.
Here in this study, villages as bare land surfaces, farm land as grass land surface and urbanized
area as concrete surface have been roughly assumed, respectively. As a model boundary condition,
land surface temperature change during year 1945~ 2017 corresponding to land use change was
given.

●The crustal heat flux
Crustal heat flux was thought to be relatively stable, thus 0.03 W/m2 (0.76 HFU, see Figure
4-10 and its corresponding explanation) was given to all of the scenarios.

4.2.6 Groundwater flow
Groundwater flow is the main control factor in this study. Subsurface temperature distributions
with and without the influence of groundwater flow were compared to inspect the influence of
groundwater flow to subsurface temperature distribution. In this section, groundwater flow
described as model conditions in the simulation are introduced first, and then follows introduction
on how the condition will change when the groundwater flow factor being turned off.

As introduced in 3.2.1, groundwater flow in the study area has been simulated at steady-state to
obtain a generalized hydraulic head distribution of the study area along years. To reproduce the
local hydraulic head distribution, infiltration boundary condition (flux entering into the model
domain), river boundary condition (fixed head, a 1st kind boundary condition. Cooperating with
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the flux/2nd kind boundary condition, the model will be more stable), and discharge boundary
condition (flux draining out from the model domain) have been defined respectively.
Average rate of precipitation infiltrating into underground in Japan was reported as 1 mm/day20.
This value was given as the infiltration boundary condition to current groundwater flow
simulation. Water depth in the Meguro River (< 0.5 m)21 is not so significant compared with local
groundwater level data in literature (around 14 m)26, hence here in this study, river bed elevation
has been used as an approximation of the river water level (also, the local groundwater level), and
was given as the fixed head boundary condition. Since tributaries of the Meguro River were
reinstalled underground as sewage culverts before 196244, which means that digital elevation
model reflects the elevation of the culvert cover instead of the river water level (see Figure 4-25
for image). Thus, an old map (1896~1909)45 has been read to track the river bed elevation for the
river fixed head boundary. As mentioned earlier, flow in the Meguro River is very small (see 2.2).
So for convenience of model calculation, here it has been assumed that the river receives water
mainly from precipitation instead of their upstream, and in this way, side boundary of the model
has been set as no groundwater flow. As an exception, there is water draining out of the model
domain from the rivers. Assume water mainly drains from Meguro River, which is the main river
in the study area. Then Darcy flow of the Meguro River and the Shibuya River were added
together to form a total draining flow of the study area. The flow draining out from the model
domain was specified as 0.03 m/day by applying Darcy’s Law to hydraulic conductivity of the
aquifer and an average head gradient of the river.
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Figure 4-25 A schematic figure for the measured data of the digital elevation model before and
after the river being modified into a culvert

For designed scenarios considering the factor of groundwater flow, contour result calculated
form the aforementioned settings were fixed as a head distribution to the corresponding
simulation; while for those scenarios without consideration of groundwater flow, the hydraulic
head was set as a same value for the whole domain to prevent the occurrence of groundwater flow.
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5

Results and discussions

In this chapter, simulation results of current study are compared with monitored data to discuss
the quality of simulations. Firstly the 2-D result is compared with a monitored subsurface
temperature profile to check the modeling approach. For the 3-D model, the calculated
groundwater contour is compared with a measured one to inspect the flow simulation, while the
calculated subsurface temperature is estimated by comparing with a measured profile. Finally,
temperature distributions under UHI considering and excluding groundwater flow factor are
compared with each other to discuss the influence of groundwater flow to subsurface temperature
distribution.

5.1 Comparison of the calculated results with monitored data
5.1.1 2-D model
Subsurface temperature distribution in a 2-D cross section heated by a subway tunnel was
simulated under the assumption of UHI (thus, an increasing land surface temperature) to obtain a
modeling approach, which is expected to be able to abstract subsurface temperature distribution
influenced by groundwater flow in the real into 2-D rectangle models and further 3-D box models.
The calculated subsurface temperature profile was compared to a monitored one measured at the
Meguro Monitoring Well (see Figure 5-1 for location in map, and Figure 5-2 for location in the
cross section) on 6th, Nov., 2001 to estimate the model quality (Figure 5-3). Direction of local
groundwater flow is marked in Figure 5-1.
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Figure 5-1 Location of the Meguro Monitoring Well in map (Adapted from Fujii, 2010)7

Figure 5-2 Location of the Meguro Monitoring Well in the cross section (Adapted from Fujii,
2010)7
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Figure 5-3 A comparison between the 2-D simulation result and the measured data (source of the
measured profile: Fujii, 20107)

Observing the calculated temperature profile, it can be observed that the subsurface temperature
near land surface is low for both the with-flow result and the no-flow result. This is because that
current result represents winter time, during which temperature near land surface is low itself. The
subsurface temperature increases significantly at the depth of around

-5 m, then decreases

gradually until reaching a similar level with the measured temperature profile, to around 16.5 ℃.
In current discussion on the 2-D cross section, temperature near land surface, temperature near
the underground construction, and temperature at the deepest place of the profiles are inspected
respectively to prove the reliability of the modeling approach.
From a calculation on seasonal change of subsurface temperature profiles without human
disturbance (Figure 5-47), it can be known that the influence of land surface temperature can reach
10 m downward into underground space, and peaks of subsurface temperature profiles appear at
the depth less than 5 m from the surface. Thus the significant temperature increases of the
calculated results at -5 m very possibly reflect the influence of land surface temperature. Compare
the temperature values at the peak of the calculated results and the literature profile, it can be
found that peak of the calculation is approximately 5 ℃ higher than the peak of literature profile,
which is right the temperature increase given to the land surface boundary condition to portray the
influence of UHI phenomenon to land surface temperature. In this way, it can be concluded that
current modeling approach can well reflect the land surface temperature increase caused by UHI.
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Figure 5-4 Seasonal change of subsurface temperature profiles without urban heat island7

Then for temperature near the underground construction (around – 20 m), a temperature
increase has been seen in the measured temperature profile. This is considered to be caused by the
heating of the subway tunnel7. At the same depth, the calculated profile matched well with the
measurement, proving that current modelling approach can catch the influence of underground
constructions to subsurface temperature.
Furthermore, observing shape of the profiles at their deepest place, it can be observed that
subsurface temperature gradient of the measured profile was well reproduced by the calculation,
even the absolute value of calculated temperatures still have a little offset (around 0.3 ℃) with the
measured data yet (Figure 5-5). Hence the modeling approach reproduced the subsurface
temperature profile quite well.
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Figure 5-5 A comparison between the calculated subsurface temperature gradient and the
measured one (source of the measured profile: Fujii, 20107)

In short, the 2-D cross section model can successfully reflect the land surface temperature
increase caused by UHI, catch the temperature change caused by underground constructions, and
reproduce the measured subsurface temperature gradient.

5.1.2 3-D groundwater flow
Using the built 3-D model, steady-state groundwater flow simulation was conducted to obtain a
generalized groundwater contour in the study area, as an initial hydraulic head input for further
simulating the groundwater-flow-influenced subsurface temperature distribution under UHI. In
this section, the calculated groundwater contour map (Figure 5-6) is compared with a measured
one (Figure 5-7) to estimate the flow simulation.
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Figure 5-6 The calculated groundwater contour map
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Figure 5-7 The measured groundwater contour (adapted from the landform classification map,
Ministry of Land, Infrastructure, Transport and Tourism)16

As it can be observed from the calculated contour (Figure 5-6), the highest hydraulic head
appeared in the hills locate in the northeast, southwest and center of the study area as 30 m,
sandwiching river beds where the lowest hydraulic head of 10 m appeared. The shape of the
calculated contour resembles the measured one very much in shape, indicating that the
steady-state flow simulation can preferably reproduce the hydraulic head distribution of the local
groundwater. Besides, a measured datum of groundwater level was compared with the calculated
one to further inspect the calculated groundwater level. The groundwater level datum was
measured at the location showed in Figure 5-8, and the value is around 13.5 m26. Calculated
groundwater level at that point is 14 m (Figure 5-6), indicating a well reproduction of the
groundwater level by the steady-state groundwater flow simulation.
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Figure 5-8 Location of the groundwater level monitoring well in the study area (adapted from the
landform classification map, Ministry of Land, Infrastructure, Transport and Tourism)16

5.1.3 3-D subsurface temperature
Subsurface temperature was simulated in the built 3-D model. Temperature profile at the location
of Meguro Monitoring Well has been extracted at the time step corresponding to the measurement
(6th, Nov., 2001) to estimate the simulation quality (Figure 5-9).
Generally, the fitting of the calculated profile to the measured one needs further improvement.
However, the influence of underground construction to subsurface temperature and the subsurface
temperature gradient were somehow reproduced. In this way, here it is considered that result of the
3-D subsurface temperature simulation is acceptable.
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Figure 5-9A comparison between the 3-D simulation result and the measured data (source of the
measured profile: Fujii, 20107)

5.2 Influence of groundwater flow
To inspect influence of groundwater flow to subsurface temperature, the temperature profile
calculated with groundwater flow was compared with the result calculated without groundwater
flow for both the 2-D model (Figure 5-10) and the 3-D model (Figure 5-11) firstly.
At depth of -20 m, which is right beneath the subway tunnel, and is the depth of aquifer where
groundwater flows, for the profiles including influence of groundwater flow, the temperatures is
equivalent to the measurement in the 2-D case, and is higher than the measurement in the 3-D case;
while for the profiles excluding the influence of groundwater flow, the temperatures are lower
than the measurement. Since the monitoring well locates downstream of the subway tunnel, it is
considered that groundwater flow carries heat released by the subway tunnel to the monitor well,
making the temperature there become higher. Thus it is considered that the temperature difference
caused by groundwater flow can be well caught both by the 2-D model and the 3-D model, even
the general fitting of the 3-D result is not perfect yet.
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Figure 5-10 A comparison of subsurface temperatures calculated by the 2-D cross section model
(source of the measured profile: Fujii, 20107)
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Figure 5-11 A comparison of subsurface temperatures calculated by the 3-D cross section model
(source of the measured profile: Fujii, 20107)

Since current model can provide effective information on the influence of groundwater flow to
subsurface temperature, a comparison between the temperature distribution calculated from the
with-flow case and the result from no-flow case were conducted to discuss the influence of
groundwater flow to subsurface temperature distribution (Figure 5-12). For the temperature
distribution result, data at the average depth of Musashino Gravel Layer (–16 m), which is the
main aquifer in the study area, have been taken for the comparison.
Generally, subsurface temperature is approximately 17.3 ℃ in most part of the study area
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when groundwater flows, while for the case without groundwater flow, subsurface temperature in
most part of the study area is around 19.8 ℃.

Figure 5-12 Calculated result of UHI-influenced subsurface temperature distribution
(Left) with the influence of groundwater flow and (Right) without the influence of groundwater
flow

Comparing the left and the right in Figure 5-12, it can be observed that in the case with
groundwater flow, high temperature area extended from the location of inner heat sources (see
Figure 2-9 for locations of the heat sources, and Figure 5-13 for groundwater flow direction in the
study area) to larger area along the direction of groundwater flow, while in the case without
groundwater flow, high temperature area is fixed near the heat sources. Besides, a temperature
decrease of near 3 ℃ in most part of the study area has been observed when groundwater flow
appears in the study area. Hence groundwater flow do influence the distribution of subsurface
temperature, not only lowering general level of temperature, but will carry heat downstream,
enlarging influence range of the heat sources as well.
Shortly, current 3-D flow-UHI joint model can well catch the influence of groundwater flow to
subsurface temperature. Groundwater flow lowers general level of temperature, but will carry heat
downstream, enlarging influence range of the heat sources.
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Figure 5-13 Calculated flow direction of groundwater in the study area (white arrows represent
the direction)
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6

Conclusions and outlook

To improve the accuracy of anthropogenic heat simulation, a trial on building a 3-D flow-UHI
joint model has been made. A 2-D cross section model was built initially for obtaining the
modeling approach, after which model dimension was extended into 3-D. Then local groundwater
contour was obtained via a steady-state flow simulation, and the result was fixed into the
UHI-considered simulation for subsurface temperature to simulate the flow-influenced
temperature distribution. For inspection of the influence of groundwater flow, temperature
distribution was also obtained under the condition in which a fixed head had been given to the
whole model domain to prevent groundwater from flowing. Reliability of current modeling
approach, quality of the 3-D flow simulation and the 3-D flow-UHI joint simulation were
estimated respectively. Finally temperature distribution with and without the influence of
groundwater flow were compared to each other.
It has been concluded that (i) current modeling approach used to catch subsurface temperature
distribution influenced by groundwater flow is reliable, that the 3-D model can well reproduce
groundwater flow in the study area and can reflect influence of groundwater flow to subsurface
temperature; (ii) groundwater flow do influence subsurface temperature distribution, one way by
lowering general level of temperature, the other way by carrying heat downstream, enlarging
influence range of the heat sources. Hence the approach here in this study is considered helpful to
improve the accuracy of mapping the heat stock of subsurface UHI.
For further improvement of the model, sewage system is better added as artificial heat source
for a more realistic approximation of the underground thermal environment (a possible method
dealing the sewage heat source was discussed, and was attached to the thesis as an appendix).
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Appendix
A-1 Definitions of physical properties of the strata
Porosity: The percentage of the rock or soil that is void of material
Saturation: The volume of the contained water divided by the total volume of the soil
Hydraulic conductivity: The ability of a material to conduct flow
Thermal conductivity: The ability of a material to conduct heat
Heat capacity: The ability of a material to storage heat
Bulk density: The soil density counted by both the liquid and solid material
Solid density: The density of solid body of the soil

A-2 Abbreviations
UHI: urban heat island
REA: representative elementary area
REV: representative elementary volume

A-3 A discussion on sewage system heat source
The density of sewage system in the study area, which locates in the special wards of Tokyo, is
quite high as shown by Figure A-1. Thus considering convenience of building the model geometry,
the local sewage system have been treated as a plane heat source in the model, and a spatial
average heat flux released by the plane heat source was derived following the procedure below.

71

Figure A-1 Covering condition of sewage system (trunk lines) of Meguro Ward, crossing
which the study area locates46

To figure out the spatial average heat flux, first consider the heat flow released by the sewage
pipes per meter entering into underground space in a REV (Figure 3-3 (B)). The process that heat
transports from the sewage system into strata can be explained by the heat transfer between the
sewage water and the pipe wall. Since temperature distribution in the strata but not the sewage
pipe is the core of interest in this study, heat flowing from the sewage system into the strata has
been set as the positive direction of heat transfer (that is to say, assume the temperature of sewage
water is higher than that of the pipe wall). Assume no thermal radiation occurs and omit thickness
of the pipes, and then heat transfer in a REV can be written as Formula A-1.
q’= hA(ts-ti)

(A-1)

q’: Heat flux of heat transfer per meters of sewage pipe in a REV, W/m;
h: Heat transfer coefficient, W/m2K;
A: Surface area of the pipe contacting with sewage water per meter, m2/m;
ts: Temperature of sewage water, °C;
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ti: Temperature of the pipe wall in a REV, °C

And total heat release of the REV is
QREV= q’ LREV

(A-2)

QREV: Total heat release of the REV, W;
LREV: Total sewage pipe length in a REV, m;

Integrate QRVE to derive total heat release of the study area, we can write that
QSA=∑ QREV=∑ (q’ LREV) = q’ ∑ LREV= q’ LSA

(A-3)

Assume sewage pipes are distributing uniformly in Tokyo. Then there should be
𝐿𝑆𝐴
𝑆𝑆𝐴

𝐿𝑇𝑜𝑘𝑦𝑜

=𝑆

(A-4)

𝑇𝑜𝑘𝑦𝑜

LSA: Total sewage pipe length in the study area, m;
SSA: Area of the study area, km2;
LTokyo: Total sewage pipe length in Tokyo, m;
STokyo: Area of Tokyo, km2

LTokyo

Consequently, LSA =SSA S

(A-5)

Tokyo

LTokyo

Then, 𝑄𝑆𝐴 = q′ SSA S

Tokyo

(A-6)

Using 1884224 m, a total length of sewage pipes in Tokyo reported by the Sewage Statistics47,
LTokyo
STokyo

can be calculated as 861.2 m/km2.

SSA has been measured by Arc GIS as 6 km2, so
QSA=5.2× 103q’=5.2× 103 hA(ts-ti)

(A-7)

Values or treat of parameters in Formula A-7 are introduced below.
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Correlation of h and flow velocity was reported by literature30, as expressed in Formula A-8 and
A-9.
h=5.3+3.6v (v≦ 5 m/s)

(A-8)

h=6.47v0.78 (v> 5 m/s)

(A-9)

Even the fluid is sewage water in current study instead of air and textures of sewage pipes are not
always concrete, since heat transfer in both the sewage pipe and the tunnel fall into one heat
transfer mode (interphase transport in a nonisothermal system with a circular tube geometric
feature48. Sewage pipes have been taken ideally as circular tubes), Formula A-8 and A-9 was
thought somehow valid for an approximate calculation of h in heat transfer between the sewage
water and the pipe wall. Use 1.8 m/s, the average value of designated maximum flow velocity and
designated minimum flow velocity in a sewage pipe (calculated from the First Volume of
Guideline for Planning and Designing Sewerage Facilities47, h was calculated as 11.8 W/m2K.
A was derived from an assumed average water depth in sewage pipes of the local sewage system.
Spare room inside a sewage pipe is designated by the First Volume of Guideline for Planning and
Designing Sewerage Facilities47, as shown by Table A-1. Total length of the branch lines was
thought to be much longer than that of the trunk line, thus the rule for pipes whose inner diameters
are less than 700 mm (a pipe of this size range has been designated to be capable of draining a
flow twice of the current draining demand) should be adopted. Ideally assume the cross sections of
sewage pipes in the study area as circles, then it can be known that water depth inside a pipe
should be half of the pipe diameter. Assume average radius of sewage pipes in the study area as
300 mm initially, then surface area of the pipe contacting with sewage water inside the pipe per
meter is 0.9 m2/m.
Table A-1 Designated spare room in a sewage pipe 47
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A yearly temperature change of sewage water was reported by Kinouchi 49(Figure A-2), from
year 1972 to year 2000, which was used to estimate ts. However, for year 2001 to year 2017, the
last time slot of the simulation duration, timely change of the sewage water temperature is
unknown. Thus here infer the temperature change trend for this period using the monitor data
taken by Kinouchi49 (Figure A-2). The data have been explored by conducting regression analysis,
and a significant linear correlation was found between the sewage water temperature and number
of years from 1970, the starting year of the measurement (Figure A-3). Basing on the linear
correlation, temperature of sewage water for year 2001-2017 was extrapolated.

Figure A-2 Monitored and simulated yearly temperature change of sewage water49
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Figure A-3 Linear correlation between sewage water and monitoring time
.

At a scale as small as the REV, assume that the temperature of the pipe wall equals to the
temperature in the strata. Consider the case when Δx→0, Δy→0 and Δz→0, then volume of the
REV will endlessly approaching to 0, which means that temperature data at a model node in the
FEFLOW model can be viewed as a representative for the average temperature in a REV, and
consequently temperature in the strata surrounding that REV. Assume that the temperature of the
pipe wall equals to the temperature of strata right beside the wall, in this way ti in Formula A-7
can be represented by temperature data at nodes in the FEFLOW model, which can be summoned
in FEFLOW as an inner parameter when editing the sewage condition. The sewage heat source
was planned to be given as a heat transfer boundary condition in FEFLOW software.

An average of the trunk line depth and the minimum soil covering thickness has been thought to
be proper as an approximation for average depth of the plane heat source, because trunk lines of a
sewage system can be much deeper than the average level of branch lines while a minimum soil
covering thickness is always designated from secure perspective of view. Depth of the plane heat
source was planned to be approximately given as 3 m beneath land surface.
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