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ABSTRACT

The subsurface temperature, one of the most easily
measurakle and universal elements in grcundwater survey, is a
conservative quantity in a groundwater flow system., In this
study, seasonal and secular wvariations of subsurface
temperature in an alluvial plain are obtained by measuring
the water temperature in wells. The relationship between the
regional difference of subsurface temperature and regional
groundwater flow rate by which the temperature difference is
caused, is clarified.

The study area is located in Nagacka City, Japan. The
main aquifer is composed of a gravel-rich alluvial formation.
The mean annual temperature and precipitation are 12.5 °C and
2654 mm, respectively. About 40 to 50 % of the precipitation
is concentrated from November to February, mostly as
snowfall,

Soil temperature, thermal conductivity of soil and soil
water content were measured in the unsaturated =zone, and
groundwater temperature and groundwater level were measured
in 32 observation wells and 30 shallow wells in the saturated
zone, Snow depth and density were also measured. The
obsgervation period was from August 1982 to August 1985,

In the unsaturated zone, soil temperature falls during
the snowmelt season in the dayvtime and recovers after that.
This is caused by the movement of mobile water under the
temperature gradient that is steep and positive downward, and

by the exchange between soil particles plus immobile water

vi



and mobile water.

In the saturated zone, temperature-depth profiles are
classified into four characteristic types which were named &as
recharge, discharge, advection and pumping types. The depths
to the isothermal layer of the recharge and discharge types
are deeper and shallower by 5 m than the value calculated by
heat conduction theory, respectively. These phenomena can be
explained by the downward groundwater flow and by the upward
groundwater flow of the order of 0.01 m/day throughout the
yvear, resgpechtively.

Temperature-~depth profiles of advection and pumping
types can be explained by the horizontal movement of induced
water and by the downward shift of the warmer shallow water,
respectively. Then, 1t was clarified that the infiltration
rate in the recharge area is about two times as large as that
in the discharge area and that the infiltraticen ratio of the
snownmelt water i1is about 1.5 times as large as the that of

rainfall.
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I. INTRODUCTION

There are three methods to clarify the groundwater flow
in a wide area which are the measuring of fluid potential,
numerical simulation and the pursuing of tracer. It 1is
difficult to observe continuously the fluid potential because
of the deviation of depth and position of the wells and
because of the expenses of many instrumentations. The
methods of numerical simulation have many problems on
establishing boundary conditions and determining the aquifer
parameters, In contrast, the method using a tracer is
effective because it 1is possible to estimate directly the
groundwater flow from a tracer stored under water,.

The tracers for a groundwater survey are classified
based on detecting method into seven kinds, which are
coiorimetry, photometry, mass spectrograph, the methods for
measuring electrical conductivity, chemical component,
radioisotope ( Todd, 1959 ) and temperature. Most of these
tracers have many problems which are the adsorption of the
soil particle and the necessity for a large amount of a
tracer in a wide area. In the case of using the water
quality of groundwater itself as a tracer, it is necessary to
select a special one which is very different from surrounding
water guality. Therefore, this method is lacking in
universality. The method using tritium, the radioisctope of
hyvdrogen, is applicable in a wide area as a tracer because

the rainfall contained high density tritium caused by nuclear



tests. However, the gquantitative analysis of tritium
distribution has Dbecome difficult because the tritium
concentration has been decreased due to radioactive decay.
From the fact mentioned above, it can be seen that the
groundwater temperature is one of the most useful tracers for
the investigation of groundwater flow. This is because the
method using water temperature has no problems on the
adsorption and the amocunt of tracer, and because the physical
treatment and measurement of water temperature are easy. 1In
addition, the method using subsurface temperatures can be
applied in the every region (Taniguchi et al., 1984) . In
this study, subsurface temperature is defined as the
temperature which contains both soil temperature in the
unsaturated zone and groundwater temperature in the saturated

Zone.

1-1 Previous studies

The heat conduction theory has been used to analyze the
groundwater temperature in a wide area,. When the heat is
transported by heat conduction, the three-dimensiocnal

eguation of heat conduction in the saturated zone ig shown as

follows:
aT _ 3T 5'p a2
- = G.Xa—t**‘f + U._Y-a—tT B (xzat2 ......... -(1)

where T and t show the groundwater temperature and time,

respectively. The ax, ay and az show the thermal



diffusivities of the aguifer in the directions of X, y and z.
If T=A0( °C) at z= «» when t>0 and the temperature at :z=0
changes in the manner T=Asinwt, the analytical solution of
the one-dimensional heat conduction eguation becomes as

follows { Carslaw and Jaeger, 1959 ):

1
T(z,t) = Ay + Aexp[—(m/2azﬁ-z]-sin[mtu(m/2uzﬁlﬂ .. t2)

The study of groundwater temperatures considering both
heat conduction and convection in the saturated =zone, was
started by Stallman (1963}, who derived a theoretical

equation of heat and fluid flow as follows:

3T — BET azT BZT
CDEE = kx?E? + ky3t2 + kzatZ
aT aT 3T
- Copﬂ(qx-ég + qy§~§ + qzwa-—z*) AR E R (3)

where cp and cope show the heat capacity of saturated soil
and water, respectively. Furthermore, k and g indicate the
thermal conductivity and water flux, and subscripts x, y and
z denote the directioens.

As for one-dimensional studies, Suzuki (1960) and
Stallman (1965) derived an analytical solution of the partial
differential equation. Bredehoeft and Papadopulos (1965)
introduced a method to obtain the water flux in a steady
state, by use of a type-curve. Cartwright (1970), Sorey
(1971) and Sakura ({1978) applied the method to the areas

where the upward or downward flow dominates. Boyle and




Saleem (1979) and Cartwright (1979) showed the validity of
the type-curve method by checking the water balance. As for
two-dimensional studies, Parsons (1970) obtained a solution
for the differential eguations concerning heat and mass
transfer in a steady state by a numerical analysis. Domenico
and Palciauskas (1973) derived two-dimensional analytical
solutions. In addition, the numerical analysis between the
injection and withdrawal wells (Yokoyama et al., 1975}, the
horizontal flow model (Sakura, 1977), the model of soil
temperature in a geothermal area (Yusa, 1981) and the
mathematical model of the heat transport through the
groundwater system in a thermal pollution area (Andrews and
anderson, 197%) have been proposed.

As for the subsurface temperature in Japan, Kiuchi
{1950) obtained the temperature and depth to the isothermal
layer. His conclusion is that the depth to the isothermal
layer was from 12 m to 14 m with an exception of 10m in
Hokkaido. After that, Yamaguchi (19%66), Ohwada (1969) and
Nishizawa and Hasegawa (1969) obtained the relationships
between the mean annual ailr temperature and the temperature
of the top of isothermal layer, or the mean annual soil
temperature. Takahashi (19%67) and Arai(1968) mentioned that
the snow decreased the soil temperature on the side of the
Sea o0of Japan, based on the distribution of subsurface
temperature obtained from the studies mentioned above.
Murashita (1968} inferred that the difference of subsurface
temperature between the regions along the Sea of Japan and

the Pacific Ocean was related to the rain-factor, However,



these studies do not deal with the process of heat transport
by water movement.

Theoretical studies on heat and mass transport in the
unsaturated zone have developed, for the most part from the
work of Philip and De Vries (1957) and De Vries (1958).
After that, Wilkinson and Klute (1%62), Cary (1966), and Jury
and Miller (1874) indicated the imporitance of the wvapor
transport. However, Kimball et al. (1976} and Higuchi (1978)
showed that the wvapor transport was negligible in wet soil.
Recently, Sophocleous (1979) and Milly (1982) have rewritten
the diffusion equations by using formulae based on the
suction and temperature. On the other hand, there are some
studies based on the fluid observations of so0il ifemperature.
Shul'gin (1957) studied the change in shallow soill
temperature by snow cover, Sarson (196C¢) observed a soil
temperature fall at the beginning of the snowmelt season. He
observed temperature falls after the first of snowmelt season
by 2 °C and 4.7 °C at the depths of 1.2m and 3m,
respectively. Wierenga et al. {1970) clarified the soil
temperature changes due to irrigaticon by warm oxr cold water,
In Japan, Xobayashi (197%) indicated the soil temperature
fazll at the first of snowmelt season. Sakura {1984) observed
the scil temperature change due to rainfall in an
experimental plot. However, these observations are lacking
in quantitative treatment of the subject.

Recently, it has become necessary to treat the mass
transport problems by dividing the soil water into mobile and

immobile waters ( Van Genuchten and Wierenga, 1976;



Akratanakul et al., 1983; Trudgill et al., 1983; Smettem,
1984 ). However, this treatment has only been applied to the

solute transport problem, not tc the heat transport problem.

1-2 Objectives of this study

The subsurface temperature in a snowy area is lower than
that in non-snowy areas even though the mean annual air
temperature is the same. This suggests that heat conduction
alone cannot explain the subsurface temperature and that heat
convection by infiltrated meltwater may affect the subsurface
temperature. Therefore, 1t is necessary to evaluate the
effect of infiltration of snowmelt water on subsurface
temperatures in a snowy area. In addition, it i1s necessary
in the unsaturated zone to divide the soil water into mobile
and immobile waters in heat transport problems as well as
mass transport problems, considering the previous studies as
mentioned in Section 1-1.

In the saturated zone, the groundwater temperature has
been obtained from the water temperature measured at the
bottom in the shallow wells as horizontal two-dimensional
data. However, it 1is considered that the subsurface
temperature is influenced by three-dimensional water flow.
Therefore, it is necessary to clarify the three-dimensional
distribution of groundwater temperature. In addition, it has
been studied that subsurface temperature in Japan is affected
by air temperature, snow cover and rain-factor and so on.

However, their studies did not treat the problen



quantitatively and not pay attention to the typicality of
subsurface temperatures in the groundwater flow system. That
is to say, when the subsurface temperature corresponded to
climatological conditions, the location of measuring the
subsurface temperature is not considered, whether it was in
the recharge area or discharge area, and so on. Therefore,
it 1is necessary to clarify the regional difference of
subsurface temperature in the basin, and to clarify the
relationship between the temperature difference and the
groundwater flow rate by which the difference is caused.
The objectives of this study are summarized as follows;
(1) to clarify the mechanism of heat transport in the soil
during the infiltration of snowmelt water.
(2) to estimate the infiltration rate of snowmelt water,
based on the changes in soil temperature.
{3) to indicate that the groundwater temperature field can be
clarified by measuring water temperature in wells.
(4) to «clarify the regicnal difference of subsurface
temperature in the groundwater flow system.
(5) to clarify the relationship between regional difference
of subsurface temperature and regional groundwater flow

rate by which the difference is caused.



TI. SUBSURFACE TEMPERATURE IN JAPAN

For the general perspective of regional distributiocon of
subsurface temperature in Japan, preliminary analyses are
made in this chapter by using the soil temperature measured
at meteorological and agricultural stations ( Ministry of
Agriculture, Forestry and Fisheries and Meteorological

Agency, 1982 and 1984 ).

2-~1 Distribution of subsurface temperature

Routine measurements of soll temperatures in Japan were
made from 1931 to 1970 at 104 points. Generally, the
subsurface temperature at an arbitrary point changes with
depth and time. For the representative wvalues regarding
subsurface temperature, the depth to the isothermal layer and
the mean annual soll temperature at the depth of 3 m below
the surface are selected in this chapter. This is because
the profile of subsurface temperature in Japan is nearly
vertical below the depth of 3 m.

Figure 1 shows the distribution of the mean annual soil
temperature at the depth of 3m below the surface. It can be
seen from this figure that the soil temperature decreases in
proportion to the increasing latitude. The relationship
between annual means of soil and air temperatures is shown by

the equation as follows:




Figure 1 Distribution of Ts3 (°C) in Japan.
Ts3 : Mean annual soil temperature at the depth of 3 m,



Tsy = 0,956 Ta + 2.1% ieaeierens (4)

where Ts3 and Ta show the scil temperature at the depth of 3m
and air temperature, respectively. The isothermal lines of
14 °C and 16 °C overhang to the south in Hokuriku and San-in,
respectively.

Tf it is assumed that the subsurface temperature is
affected only by heat conduction, the difference between
annual mean of subsurface temperature {Ts3 ) and ground
surface temperature {(Tso} should be very small considering
equation (2). In other words, the difference between Tsy and
Tsp shows the effect of heat convecticon and so on. Figure 2
shows the distribution of Ts; - Tsp ( Tso shows the annual
mean of ground surface temperature ). The areas where Tsz -
Tsg is negative are located in Tohoku, Hokuriku and San-in
along the Sea of Japan. In contrast, the areas where Ts3 -
Tso is large are located in Hokkaido, Izu Peninsula, Xii

Peninsula, the south west of Shikoku and central Kyushu.

2-2 Depth to the iscthermal layer

In this section, the estimation of the depth to the
isothermal layer by exponential approximation is made using
soil temperatures at the depths of 0.5, 1, 2, 3 and 5m below
the surface. The depth at which the change in soil
tenperature decreases to 0.1 °C during a year is defined as
the depth to the isothermal laver. Figure 3 shows the

distribution of the depth to the isothermal layer in Japan



Figure 2 Distribution of Ts3 - Tst (°C) in Japan.
Tso : Mean annual soil temperature at surface.

11



obtained by the method mentioned above. Theough the
distribution of the depth is complicated, the areas where the
depth to the isothermal layer is deep are located along the
Sea of Japan, in southern Kii Peninsula, western Shikoku and
northern Kanto. In contrast, the areas where the depth 1is
shallow, are located in eastern Hokkaido and northeastern

Toholku.

2-3 Distribution of recharge to the groundwater

If heat is transported only by heat conduction, the
difference between Ts3 and Tsp in Figure 2 should be very
small. However, the distribution of Ts; - Tsg shows regional
characteristics with positive and negative values. It
suggests that heat c¢onvection contributes toe the heat
transport. Then, the monthly recharge to the groundwater
which cause the heat convection is calculated. If the
surface runoff can be negligible because the observatiocn
point is usually located in a flat field, the water balance

at any point in the menth, i, is shown as follows:

where R is the recharge to the groundwater, and P and E show
the precipitation and the actual evapotranspiration,
respectively. As the estimation of the actual
evapotranspiration from the climatological data is difficult,

the potential evapotranspiration by the Thornthwaite method

12



Figure 3 Distribution of the depth (m) to the isothermal
layer in Japan.

13



is used here instead of the actual evapotranspiration. The
heat flow by heat convection from the atmosphere into the
ground is determined by the ground surface temperature and
the recharge to the groundwater. The ground surface
temperature in Japan varies at about the same period and
phase in every region though the amplitude is different. In
contrast, the recharge to the groundwater varies with
different seasonal changes because the regional difference of
seasonal changes in precipitation is large. Then, as a
factor which indicates the seasonal deviation of recharge to
the groundwater, Rs/Rw is shown in Figure 4, where Rs and Rw
are the sums of recharge to the groundwater from May to
October and from November to April, respectively. In this
figure, the areas where Rs/Rw is small are located in
Hokkaido and along the Sea of Japan, i.e., Tohoku, Hokuriku
and San-in. In contrast, the areas where Rs/Rw is large are
located in southern Xii Peninsula, southern Shikoku, central
south of Xyushu and northern Kantc., Comparing Figure 2 with
Figure 4, the areas where Tsz - Tsp 1is large correspond to
the areas where Rs/Rw is large.

Domenico and Palciauskas (1973} pointed out that the
steady recharge concaves the temperature-depth profile. 1f
this idea 1s applied to the seasonal change in the
temperature-depth profile throughout the vear, it is
considered that the depth to the isothermal layer deepens
with increasing steady recharge to the groundwater. However,
the recharge to the groundwater varies seascnally.

Therefore, when the monthly recharge to the groundwater is

14



Figure 4 Distribution of Rs/Rw in Japan.

Rs : Recharge to the groundwater from May to
October.

Rw : Recharge to the groundwater from November
April.

to



less than the mean of monthly recharge to the groundwater, it
is assumed that the deviation is not available to deepen the
depth to the isothermal layer. Distribution of the
difference between the annual recharge tc the groundwater (R)
and the sum of the deviation (R*) in each point is shown in
Figure 5. In this figure, the areas where R - R*¥ is large
are located along the side of Sea of Japan of Tohoku,
Hokuriku and San-in, and Izu Peninsula, Atsumi Peninsula,
southern Kii Peninsula, and southern Shikoku and Xyushu. In
contrast, the areas where R - R*¥ is small are located in
eastern Hokkaido, the Pacific Ccean side of Tohoku and Seto-
nai-kai. Though the areas where R - R* is large corresponds
slightly to the areas where the depth te the isothermal lavyer
is deep, the scatter of correspondence is large. Therefore,
it 1s necessary to cbhbserve ithe detalled relationship hetween
subsurface temperature and recharge to the groundwater in any
area. In addition, it is necessary to cilarify the
relationship between the regional difference of subsurface
temperature in any area and regional groundwater flow by
which the difference is caused. This is because it 1is
considered that subsurface temperature is affected not only
by recharge but also by the other subsurface water flow.

In the following sections, the Nagaoka plain was
selected as a study area to make clear the relationship
between subsurface tenperature and subsurface water flow,
i.e., groundwater recharge, upward flow in the discharge area
and other subsurface water movement. This is because the

Nagaoka Plain is an area where the water cycle is very
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Figure 5

Distribution of R - R* {mm).

R : Annual recharge to the groundwater.

R*: Sum of deviation from annual mean of monthly
recharge to the groundwater.
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active. That means, it precipitates much as snowfall during
winter in Nagaoka, and this area has a possibility of
interaction between groundwater and river water due to
adjacency to the Shinano River, and the groundwater level
falls during winter due to pumping for melting snow
accumulated on the roads {( Tanaka et al., 1979; Kavane,

1880).
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IT7I, FIELD OBSERVATION OF SUBSURFACE TEMPERATURE IN NAGAOKA

PLAIN

After showing the distribution of subsurface temperature
and recharge to the groundwater temperature, it was indicated
in Chapter 2 that the Nagaoka plain is selected as study area
in order to clarify the relationship between the regional
difference of groundwater temperature and the regional
subsurface water flow by which the difference is caused. In
this chapter, the explanations of the study area and the
observation methods are shown in Section 3-1, and the thermal
stabilities of water body in the wells and the aquifer are
examined in Section 3-2 in order to¢ confirm whether the water
temperature measured in the wells represents the groundwater

temperature at each depth.
3-1 Methed

The explanations of the study area, instrumentation for
measurements of hydrological and thermal conditions in the
study area, and the observation method are shown in this
saction.

3-1-1 sStudy area

The study area, the Nagaoka plain, is in the south of

the Niigata plain along the coast of the Sea of Japan,
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Honshu, Japan ({(Figure 6). The main geological structure of
the Nagaocka plain was formed by a series of crustal movements
that occurred from the late Pliocene into the Pleistocene
epochs., The surrounding hills are composed of thick
sedimentary rocks of the Plio-Pleistocene period, which form
the basement of the main aguifers in the plain.

According to bore hole records and aquifer test data,
five main aquifers are distinguished in the groundwatex
basin. Mean hydraulic conductivities of these aguifers,
identified as layers I, II, III and IV, are 0.12¢, 0.0892,
0.022 and 0.018 cm/s, respectively in descending order
Nagaoka Construction Office, 1975 ). Columnar-sections along
the lines a-a' and b-b' in Figure 6 are shown in Figure 7-a
and Figure 7-b. The first and second agquifers are gravel-
rich alluvial formations with a total thickness of about 20~
40m, and the third and fourth are siit-contained formations.
The surface of the plain is covered with a clayey layer
(Figure 8). The northern part of the plain and the upper
basin of the tributary have a thick clayey laver.

Figure 9 shows the seasonal c¢change 1in monthly
precipitation, evapotranspiration and air temperature in
Nagaoka. The mean annual temperature and precipitation are
12.5 °C and 2654 mm/year, respectively. About 40 to 50 % of
the precipitation falls as snow from November to March. This
area is the first place where groundwater was used for snow
melting. The annual evapotranspiration calculated by
Penman's method 1is 707 mm/year. The actual

evapotranspiration from vegetated surface was estimated from

20




138°E 140°E

Figure 6 Study area and locations of observation wells.
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the potential evapotranspiration from the surface of the
water by multiplying the Penman's empirical constant.

The Niigata Prefecture conducted a gquesticnnaire survey
on groundwater use in 1981 ( Environmental Agency et al.,
1982 }. The total number of wells in Nagaoka city was 12,895
and the annual amount of pumpage was 101,600,000 md /year in
259.9 km?. Details of groundwater use are shown in Figure 1C
by month and purpose. The groundwater use for snow melting
occupies 80.5 % of the total pumpage for four winter months,

and occupies 59.4 % of the annual pumpage.

3-1-2 Instrumentation

Soil temperature, thermal conductiwvity of soil and soil
water content were measured in the unsaturated zone, and
groundwater temperature and groundwater level were measured
in 32 observation wells (Figure 6). The snow depth and the
water eguivalent of the snow cover were also measured at the
point near the observation well W15 shown in Figure 6.

The soil temperature measured by a platinum resistance
thermometer at depths of 4, 20, 40, 8C, 120 and 17C cm below
the surface, was automatically recoxrded from November 1982 to
October 1983. The soil water content at the point near the
observation well W15 was measured at one-week intervals
during the snowmelt season in 1983 using the soil sampler at
a depth interval of about 20 cm. The soil water content was
obtained by the oven-dry method. The thermal conductivity

of the soil at the point near the observation well W15 was
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measured by using a conductivity meter at the depth of 80 ¢m
below the surface. This instrumentation was devised based on
so-called "probe method" ( Taniguchi et al., 1982 ). In
addition to this, the thermal conductivity was measured with
a box probe of the guick thermal conductivity meter (Q.T.M.)
using undisturbed soils in the laboratory in order to compare
it with the data mentioned above.

The groundwater temperature was observed in 32
observation wells (Figure 6) using a thermistor thermometer
which can read to 0.01 °C. Measurements were taken from the
top to the bottom of the wells at two-month intervals from
August in 1982 to August in 1983 and at four-month intervals
from August in 1983 to August in 1985, In addition to this
routine measurement, intensive measurements of groundwater
temperature were made at one-week intervals during the
snowmelt season in 1983 and from April in 1984 to March in
1985. The positions of the screen, the depths and the
diameters of observation wells are shown in Table 1. The
temperature field in the groundwater flow system can Dbe
detected by measuring the temperature-depth profile in the
well if the temperatures within the water column of the well
represent the temperatures of the fluid-porous medium complex
adjacent to the wells. The relationship between the wvater
temperature in the well and the groundwater temperature
around the well will be described later in Section 3-2. The
groundwater levels were measured continuously at observation
wells using the automatic recorders provided by the Shinano-

gawa Construction Office. in addition to this, the
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Table 1 Depth, radius and the position of screen of the
observation wells.
W R b s W R D S
(mm) (m) {m) (mm)  (m) (m)
Wi 100 22.0 14.0-22.0 W18 50 20.0 5.0-18.0
W2 100 50.0 28.0-44.5 W19 175 114.6 77.3-85.4
w3 100 22.0 117.0-22.0 96.6-99.5
W4 100 22.0 10.7-20.7 W2e 50 20.0 5.0-18.0
W5 100 70.0 62.0-70.0 w21 50 20.0 §.0-14.0
W6 100 22.0  11.0-22.0 W22 50 20,0 5.0-18.0
W7 100 25.0  14.0-25.0 W23 5¢ 20,0 3.0- 9.0
W8 100 25.0  14.0-23.0 13.0-18.0
wa 125 100.0 88.9-99.5 W24 75 20.0 7.0-17.0
wi0 100 22,0 14.0-21.0 W25 100 96,0 64.0-70.5
W11 50 20,0 5.0-18.0 72.0-78.0
W12 50 20.0 5.0-18.0 W26 100 22.0 13.0-21.0
W13 75 76.0  51.5-60.0 w27 33 15.0 3.0-15.0
W14 50 20.0 5.0-18.0 W28 33 15,0 1.5-15.0
W15 50 20.0 5.0-18.0 W28 33 15.0 1.0-15.0
W16 75 85.5 67.0-77.5 W30 33 15,0 4,0-15.0
w17 175 97.5 68.4-77.4 W31 33 15,0 2.0-15.0
82.0-85.0 W32 100 100.0 79.0-89.0
Wi7* 50 49,5 31.5-37.0 92.0-97.0
42.0-49.5

nete) W:Well number, R:Radius, D:Depth, S:Screen

28
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groundwater levels were measured at 30 shallow wells,

The snow depth was measured at six o'cleck every morning
by eye-measurement during the snow season from 1382 to 1983
and the snow density was also measured at one-week intervals
during the snowmelt season in 1983, The snow samples were
taken at a depth interval of 10 cm to measure the water

equivalent of the snow cover.

3-2 Thermal stability of water bodies

Generally, heat is transported by both heat conduction
and convection. Furthermore, heat convection is divided into
free thermal convection and forced thermal convection, In
this section, the effect of free thermal convection is
calculated. Free thermal convection in the wells is examined
in Section 3-2-1, then, free thermal convection in the

aquifer is investigated in Section 3-2-2.

3-2-1 Free thermal convection in the wells

If the water temperature measured in a well at any depth
is the same as the groundwater temperature around the well,
it becomes very easy to investigate the groundwater
temperature distribution in space and time. For that reason,
it is necessary to check the thermal stability of the water
column in a well,

Problems encountered in obtaining representative

groundwater temperatures from wells have bheen discussed by
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many authors ( e.g. Boyle and Saleem, 1979 }. HKrige ({(1339)
developed an expression for the critical gradient Gc of a
fiuvuid~-filled column as follows:

Gc:gaT—}-C\)a v-o--s--.l(6)

Co garh

where

g = acceleration due to gravity;

T = absoclute temperature;

a = volume coefficient of thermal expansion of the fluid;

specific heat of the fluigd;

Q
o
il

e = thermal diffusivity of the fluid;
v = kinematic viscosity of the fluid;
r = radius of the column;:

C = a constant, egqual to 216 in cgs units.

The critical gradient Gc is defined in eguation (6) as the
temperature gradient when the convective flow is incipient.
A situation in which the temperature increases with the depth
will be thermally unstable when the actual temperature
gradient exceeds the critical gradient.

In this study, the radii of observation wells were from
3.25 to 12.5 cm, most of them being 5 or 10 cm (Table 1).
The critical gradient Gc was calculated using eguation (6)
with the following values : g = 980 cm/s?, T = 285.8 K, a =
2.18 x 107% /°C, ¢ = 4.19 x 10" ergs/g°C, w=1.002 x 10%cm/s

@« = 1,4 x 10% eml/s, C = 216 andr =5 or 10 cm. The

H

calculated Gc of 2.27 x 107? °C/m for r = S cm and 1.42x107°
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°C/m for r = 10 cm were exceeded by the actual temperature
gradients of the March, April and June profiles for most
wells,

Then, 1in order to examine whether the free convection
practically occurs in the well, the author compared the
actual temperature gradient with the critical gradient in the
two wells having different Gecs with the different radius at
the same point where the observation well W17 is located.
Figure 11 shows the difference of groundwater temperatures in
two wells whose radii are 10 cm and 5 cm. In this figure,
the bars show the periods when the actual temperature
gradient does not exceed the c¢ritical gradient. If the
theory of the critical gradient is applicable, the difference
in groundwater temperature should be large during November
and December when the critical gradient is exceeded in the
larger well (W17) and not exceeded in the smaller one (W17%).
However, the difference in groundwater temperature is small
throughout the vyear. This may be due to frictional
resistance at the wall of the well and so on. Therefore, it
may be concluded that the water temperature measured in a
well at any depth is representative of the groundwater

temperature at the same depth around the well.

3-2-2 Free thermal convection in the aquifer

Vertical water flux in the aquifer caused by the free

thermal convection under the assumption that groundwater

flows horizontally as a piston flow, is shown as follows
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{ Claesson, 1978 ):

, _ Kz | Kx(T¢) yeoyh oo L. (7)
lazl = g% "1 ¥ W Yo ]

where

il

gzl = water flux in vertical direction by free thermal
convection

Kx = hydraulic conductivity in x direction

Kz = hydraulic conductivity in z direction

Tc = temperature of ccld water

Ye = specific gravity of celd water

¥h = specific gravity of hot water

N = ratio of coefficient of viscosity

If it is assumed that the lowest water temperature (Tc) and
the highest one {(Th) in the aquifer are ¢ °C and 30 °C,
regspectively, the ratio of the coefficient of wviscosity N =
u(30°CY/#(0°C) is equal to 0.45. Generally, Kz/Kx ranges from
about 10°7 to 10?7 and Kx(0°C) = Kx(20°C) x #(20°C}/«(0°C)
{Bouwer,1978). Therefore, the wvertical flux caused by the
free thermal convection was calculated using equation (7) and
the following values: Y(0°C) = 0.99%8, Y(30°) = 0.9957, (0
“C)==1.792 x 1072, w(20°C) = 1.002 x 1072, x(30°C) = 0.797 x
107 Pa-s, Kx(20°C) = 1.2 x 107 m/s.

As a result, |gz] was obtained as 1.25 x 1077 m/s ( =
3.95 m/year ). However, this flux indicates the wvalue under
the condition that the boundary of hot and cool water bodies

exists throughout the year. Therefore, the vertical flux in
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the aguifer caused by the free convection is smaller than the
calculated value in fact, and it may be neglected in this

study.
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IV. CHANGES IN SUBSURFACE TEMPERATURE IN TIME AND SPACE

The results of measurements and qualitative explanations
of subsurface temperatures in the study area are shown in
this chapter. Seasonal changes in soil and groundwater
temperatures are i1ndicated 1in Sections 4-1 and 4-2,
respectively. The results of observations of subsurface
temperature to hydrological events and secular variations of
subsurface temperature are shown 1in Sections 4-3 and 4-4,

respectively.

4-1 Seasonal variation of soil temperature

Figure 12 shows the seasonal variations in the daily
mean of soil temperatures at the depths of 4, 20, 40, 80, 120
and 170 cm below the surface, from November 1982 to October
1983, at the point near the observation well W15 shown in
Figure 6. Blanks in Figure 12 show the periods when there
was insufficient measurement.

The air temperature in the study area changed
sinuscidally with the highest and lowest temperatures in the
first part of August and February, respectively. When the
air temperature changes sinuscoidally, the soil temperature
also changes in the same way. However, the phase of soil
temperatures delays, and the amplitude Jdecreases with the
increasing depth.

When the air temperature increases from spring to summer
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in Nagaocka, the soil temperature changes as mentioned above.
That is to say, the soil temperature at each depth increases
from the middle of April to the beginning of August, and
temperature of the deeper soil 1is higher than that of the
shallow laver. After August, the deeper the depth below the
surface is, the later the time of the highest soil
temperature at each depth is. The gradient of the soil
temperature disappears from the ground surface to a depth of
170 cm in the middle of Septemker.

Accordingly, when the alr temperature decreases from
autumn to winter in Nagaoka, the scil temperature changes
characteristically. After the beginning of January, the soil
temperature of the ground surface is maintained at ¢ °C on
account of the snow cover. Even though the air temperature
starts to increase after the first part of February, the
temperature of the ground surface remains at about 0 °C and
the soil temperature at each depth decreases. As soon as the
snow cover disappears at the first of April, the soil
temperature of the surface increases rapidly and the gradient
of the scil temperature profile is reversed successively from
the surface. After the middle of April, the temperature of
the soil decreases from the ground surface to a depth of 170

cm.

4-2 Seasonal variation of groundwater temperature

Though seasonal variations of the subsurface temperature

in the unsaturated zone were indicated in Section 4-1,
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seasonal variations of subsurface femperature in the
saturated zone are shown in this section. Seasonal changes
in horizontal and vertical itwe-dimensicnal distributions of
groundwater temperature are indicated in Sections 4-2-1 and
4-2-2, respectively. In addition, the classificaticn of

temperature-depth profiles are made in Section 4-2-3.

4-2-1 Horizontal two-dimensional distributions

Figures 13-a to 13-f show water table contours in meters
above sea level. The Shinano River is naturally a gaining
stream fed from groundwater all through the reach in the
study area, as shown in the August and October water tables
of Figures 13-f and 13-a. During the winter, the water table
at the center of the city drops to a level lower than the
water level of the Shinano River owing to heavy pumping of
groundwater used for snow melting (Figure 13-c). The decline
of the water table induces artificial seepage from the river
into the groundwater (Kayane et al., 1985). The recovery of
the water table is very rapid in April (Figure 13-e).

Figure 14 shows the seasonal changes in the isothermal
lines of the groundwater temperature at depths of 5, 10 and
15 m. Since the normal groundwater temperature at the depth
of 20 m below the surface is about 12-13 °C, the regional
differences in the shallow groundwater temperature shown in
Figure 14 are strongly influenced by recharge into or
discharge from the groundwater body, by induced water from

the river due to pumping and by the movement of the
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Seasonal change in contour map of the water
meter above sea level ).
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Figure 14

Seasonal change in horizontal two-dimensional
distributions of groundwater temperature (°C) at
the depths of 5, 10 and 15 m.



Figure 14 (continued)
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groundwater itself.

In December at 5 m depth (Figure 14-a-1), warm
groundwater zones higher than 14 °C are found in the urbhan
area, and lower than 10 °C are found to the scuth of the Ohta
River and upstream of the Shibumi River. In June at the 5m
depth (Figure 14-d-1), warm groundwater zones located in the
south and cold groundwater zones are found in the north area
in contrast with December. From the isoplethes at depths of
5 m and 10 m, it can be seen that the effects of tributary
water on the groundwater is marked at the shallow layer,

From December to March at the 10 m depth (Figures 14-a-2
and 14-b-2}, the warm groundwater =zone expands in the urban
area, though the groundwater temperatures decrease in other
areas. This is caused by the downward movement of the warm
groundwater zone which is found in the shallow layer before
winter, induced by pumping of groundwater from the deep
layer. In March and April at the 10 m depth {Figures 14-b-2
and 14-c-2), the induced recharge of ccld water from the
Shinano River to groundwater is recognized in the urban area
owing to the lowered water table due to pumping.

From the isothermal 1lines at the depth of 15 m, it is
supposed that a negative heat source is located in the west
of the urban area under the Shinano River and that a heat
source 1is located near the foot of the east mountain

throughout the vyear.

4-2-2 Vertical two-dimensional distributions
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The distributions of groundwater temperatures in the
vertical two~dimensional domain are presented in thisg
section. Figure 15 shows seascnal changes of the groundwater
temperature distribution in vertical c¢ross sections along
lines A-B and C-D in Figure 6. Since the seasonal changes in
groundwater temperatures are repeated year by vear in a more
or less similar manner, 1t is easier to understand Figure 15
if the author begins the explanation with the August
patterns. In August, the vertical advective effect by
percolation of warm irrigation water occurs first in Wi4 and
Wi5 in the south area, and the horizontal advective effect
from the Shinano River 1s recognized in the C-D cross
section. Then in October, a warm groundwater laver higher
than 14 °C is formed immediately below the water table, and
the thickness of the layer increases with time until
December. The water temperature in the Shinano River is
lower than that of groundwater in October, but its effect is
not recognized in the October pattern. The water table drops
in winter on account of extraction of groundwater through
wells, and then it starts recovering in March. Cold layers
lower than 12 °C first occur in W14, W15, W20 and W24 near
the Shinano River in March. The thickness and extent of the
cold layer grow with time until June when the warm layer
starts appearing in W15, The influence of the cold induced
water from the Shinano River due to pumping is conspicuous in
April in the C-D cross section. A warm groundwater body
higher than 14 °C found throughout the year in W1 seems to be

an indication of an upward flow of warm groundwater due to
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Figure 15 (continued)
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pumping, because a positive heat source exists below the sea

level,

4-2-3 Temperature-depth profiles

The temperature-depth profiles in 32 observation wells
are classified into the following four types according to the
pattern of seasonal wvariation. As typical examples of the
four types, observed temperature-depth profiles and time-
depth wvariations of groundwater temperatures in the wells
Wi5, W18, W31 and W6 are shown in Figurs 716 and Figure 17,
respectively., The profiles of the other wells are indicated
in Figure 18&. The circled numbers in Figure 18 indicate the
number of the observation wells.

Typical temperature-depth profiles zand time-depth
variations of groundwater temperatures of the A type are
shown for W15 in Figures 16-a and 17-a. The location of this
well is near the head of the alluvial fan where the aguifer
is gravel-rich and its hydraulic conductivity is high.
Features of the A type to be noted are undisturbed but
vertically elongated temperature-depth profiles, and the
larger depth to the isothermal layer which is 18 m below the
surface. Generally speaking, the depth to the isothermal
layer in Japan is from 12 m to 14 m, excepting Hokkaido. The
mean subsurface temperature is higher by 1 to 2 °C than the
mean ailr temperature (egquation (4}}. For that reason, the mean
subsurface temperature in Nagaoka Plain should be from 13 to

o]

14 C. However, the temperature-depth profiles of A type
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profiles in observation wells,
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shift to low temperature. The profile for W14 (Figure 18)
may also be classified as of the A type, but shifts to low
temperature in June and October, and shifts to high
temperature in August in the layer at the 5-10 m depth.

Typical temperature-depth profiles and time-depth
variations of groundwater temperatures of the B type are
shown for W18 in Figures 116-b and 17-b. The well is located
near the Shinano River in a constant groundwater discharging
zone throughout the year as can be seen in Figure 13.
Features of the B type profiles are undisturbed but
vertically compressed temperature-depth profiles, and the
smaller depth to the isothermal layer which is about 13 m
below the surface. The temperature-depth profiles of the B
type shift to higher temperature than A type well., The
temperature-depth profile for W23 (Figure 18) is similar %o
the B type in the view that the depth to the isothermal layer
is small, However, the base groundwater temperature which
does not change throughout the year in the deep layer, of
13.8 °C in W18 is higher and that of 11.6 °C in W23 is lower
than the normal groundwater temperature of 12.7 °C which is
equal to the mean annual air temperature for 10 years in
Nagaoka.

Typical temperature-depth profiles and time-depth
variations of groundwater temperatures of the C type are
shown for W31 in Figures 16-c and 17-c. Nine wells are
classified as of the C type, but they may be divided further
into three groups according to their locations relative to

rivers feeding the water to groundwater; the left bank group
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(W20 and W22), the right bank group (W27, W28, W29, W30 and
W31), and the canal or tributary group (W12 and wW21).
Generally speaking, the Shinanc River is a gaining stream in
the study area, so that the direction of the groundwater flow
is to the Shinanco (Figure 13). This means that the flow of
groundwater along the Shinanoc has its west component on the
left bank and its east component on the right bank. An
exception is found in the zone where wells W27 to W31 are
located. In this zone, the seepage from the Shinanc to
groundwater is predominant because the zone coincides with an
old channel of the Shinanc found in historical maps (Xayane,
1980). Therefore, the advective effect of the Shinano is
stronger in wells of the right bank group than in those of
the left bank group and resulted in larger annuwal amplitudes
of groundwater temperature for the right bank group than for
those of the left bank group. Though wells W12 and W21 are
distant from the Shinanc, a big irrigation canal named
Fukushimae and a tributary run near the wells W12 and wW21.
The influence of advected water on temperature-depth profiles
is exclusively controlled by hydrogeological conditions.
Marked irregularities in the local hydrogeology are reflected
in the patterns of temperature-depth profiles for wells W28,
W30 and W31.

Typical temperature-depth profiles and time-depth
variations of groundwater temperatures of the D Type are
indicated for Wé in Figures 16-d and 17-d. The D type wells
are located in the center of the city where a large "cone of

depression” is formed due to the areal effect of groundwater
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pumping for snow melting. The most interesting feature of
this type is the formation of a warm layer at the 10-15 nm
depth in March except for well W1 in which the depth is
shifted to 15-20 m. The cause of the formation of this warm
layer is not horizontal heat convection but a wvertical
downward shift of a groundwater body. This i1s because the
temperature distribution in the 10-15 m depth laver in
December does not show a horizontal temperature gradient
effective enough to explain a warm heat convection which will
raise the temperature in March. Since the depths of wells
for snow-melting are deeper than 20 m and the water table
drops are 5~10 m in winter, the warm shallower groundwater
body shifts downward in response to pumping in deeper layers.
The warm layer appears at the 15-20 m depth in W1 because of

a larger drop in the water table.

4-3 Responses of subsurface temperature to hydrological

events

In this section, the responses of groundwater
temperature to hydrological events which relate to seasocnal
changes in subsurface temperature (Sections 4-1 and 4-2) are
shown. Changes in soil temperature caused by infiltration of
snowmelt water and in groundwater temperature caused by
infiltration of rainfall are shown in Sections 4-3-1 and 4-3-
2, respectively. In addition, the responses of groundwater

temperature to pumping are indicated in Section 4-~3-3.
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4-3-1 Changes in soill temperature caused by infiltration of

snowmell water

Figure 19 indicates the changes in the depth of snow
cover, together with the daily mean of air temperatures and
s0il temperatures at 4, 20, 40, 80, 120 and 170 cm depths at
point W15. During the snowy season, the scil temperature at
the depth of 4 cm, which is very close to the surface, was
maintained at 0 °C owing to the effects of the snow cover and
the temperature gradient showed a decreasing trend. There
were some days with falling soil temperature from the surface
to a depth of 170 cm. Judging from the agreement between the
time when soil temperature falls and the time when the snow
depth decreases and alr temperature rises, 1t can be seen
that scil temperature falls according to the infiltration of
meltwater into the soil as a conseguence of rising air
temperature.

Diurnal changes in air and soil temperatures from March
5 to 20, 1983 are shown in Figqure 290. It is clear from this
figure that there 1is a close relationship between air and
soil temperatures, i.e., that soil temperatures fall when air
temperature rises in the day time, and recover when the air
temperature falls at night, though they cannot reach the

initial value.

4-3-2 Changes in groundwater temperature caused by

infiltration of rainfall

54



{ D¢ ) 3dNIVd3dW3Ll dIV

o (=] (o] =]
~ — < — o
—I .«:u,.., 2 o B q T T T LA B | T m T T T T _m
F !E!r.....n.n.] rrnrlfw.u.n:..ru. ~. z/ /// 1
™ ,qu|.mnuunwuw. | S NP N 9]
eS8 s &
=
L. s _
L .nG.. M
= =z
o
- 17
L [a=]
[N
- L
r =
- -
19
L)
[ Lt
L [t
L
o ~
o
& & ( 2o ) 3WALYYIMWIL 1105
(=] uw
(wd ) HLd3g MONS

1983

1982

snow depth and soil

Changes in air temperature,
55

temperature at each depth.

Figure 19



—_

o
B
4

-
(D aml
1 . -4
L .
o 8f . * ’ C
4.
D~ . o . .
. . - . 3
Lk - . S . 5 - .
— ro. - .l tay .,I_ S A ~ . .. ;
[ + Y - }" AP f ) ' v
Q: . Th - o~ Vet * "h-' - e + * 3
= . . . * “a e 4. '.:-‘,“. ;
<{ N
e
- " h

N W N gl OO oD
Pl
'l
L
§
-
¥
‘\
.\

o( )] ~—\.. o N TN 17Q£m i —

— : —T—— e O PSR S | N

% [ v ' ™~ W

o TP Wt e IO P Wy J20km ~

"{" - S -\-/._- e ———en

o N TN e - 80

{ X / / S — P L o s s g

ol Y \7 e AV VAV

E Y ‘J

= A 40cm )
-—\/ I _’\/ '—\/-

= R e A 20em L] —

S — —_— e —— - e e et e —

98] Licm

=)

Figure 20 Diurnal changes in air and soil temperatures at
each depth from March 9 to 20, 1983,

56



Figure 21 shows the responses of groundwater temperature
at the four typical wells to rainfall with 156 mm from August
27 to September 5, 1985. Thig figure 1is shown as the
isoplethes based on values observed at one-week intervals.
The dotted lines in Figure 21 show the linked ones with the
peak of rainfall, the time of rising groundwater level and
the time of falling isothermal lines. That is to say, these
dotted lines indicate the mean infiltration rate of rainfall
into the ground. However, these lines do not indicate that
rainfall reached these depths, but mean that subsurface water
moved at each depth at each time. The infiltration rate for
156mm rainfall at well W15 of the A type is 0.88 m/day. The
infiltration rates for the same rainfall at wells W18 of the
B type and W31 of C type are 0.42 and 0.50 m/day,
respectively.

Distribution of the infiltration rate to 156mm rainfall
is shown in Figure 22. The wvalue is large in the southern
area, and small in the region near the river, in the urban

area and in the northern area.

4-3-3 Responses of groundwater temperature to pumping

Figure 23 indicates the response of groundwater
temperature at well W11 caused by the pumping of groundwater
for melting snow. From this figure, it can be seen that the
isothermal lines fall corresponding to the falls of
groundwater level caused by pumping of the groundwater and

that they recover during rising of the groundwater level.
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Distribution of the infiltration rate for 156mn

rainfall.

Figure 22
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That means, thermally stratified groundwater body shifts
vertically, induced by pumping from deeper layers.

Figure 24 shows the distribution of the falling depth of
the isothermal lines caused by the pumping of groundwater
during the snowy season in 1984-1985. These depths were
obtained from the difference between the depth of the
isothermal line on the first of December and that of January.
T+ can be seen from Figure 24 that the falling depths of the
isocthermal lines correspond to the falling depths of the
groundwater level as can be seen in Figure 13. The wells in
which the falling depth of the isothermal lines is large, are

located in the urban area where the D type wells are located,

4-4 Secular variation of subsurface temperature

Specific hydrological and climatological conditions
compared with those in normal years and the secular variation
of groundwater temperatures at each depth in the four types
cf wells classified in Section 4-2-3 are shown in this

section.

4-4-1 Changes in ailr temperature, precipitation, snowfall and

groundwater level

Figures 25 and 26 show the secular variation of the
deviation of precipitation and air temperature from 1982 to
1985, the depth of snowfall, water temperature of the Shinano

River and the groundwater level at typical wells of the four
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types classified in section 4-2-3. The broken line in Figure
25-c shows the estimated water femperature from the
relationship between air temperature and water temperature of
the Shinano River. Blanks in Figure 26 show the periods when
there was insufficient measurement, and the marks in Figure
26-d show the groundwater level when the groundwater
temperature was measured. The specific hydrological and
climatological conditions compared with those in normal years
are as follows: plenty of rainfall in the summer of 1983
(Figure 25-a), low air temperature in the winter of 1884
(Figure 25-b) and heavy snowfall in 19%84 and 1985 (Figure 25-
dl. In the summer of 1983, the monthly precipitations of
July and September were larger by 200 mm than the value of a
normal vyear. During the winter from 1983 to 1984, the
monthly mean of the air temperature was from 1 to 4 °C lower
than the value of a normal year. Depths of snowfall during
winter from 1983 to 1984 and from 1984 to 1985 are larger
than the values of the preceding twoe years. Then, the
groundwater levels during those two winter seasons are lower
than the levels of preceding two years, because of increased

groundwater pumpage for melting the snow cover.

4~4-2 Secular variation of groundwater temperature

Figure 27 shows the secular variations of groundwater

temperatures at each depth in the wells W15 of A type, W18 of

B type, W31 of C type and W6 of D type. It can be seen from

Figures 25 and 27 that the groundwater temperature responds
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sensitively to specific hydrological and climatological
conditions. That is to say, the increase in groundwater
temperatures is larger (Figure 27-a) than that of the normal
vear due to the infiltration of heavy rainfall in the summer
of 1983 (Figure 25-a} at well W15, and the decrease is larger
(Figure 27-b) in the winter of 1984 due to the infiltration
of water under the lower temperature condition of the ground
surface (Figure 25-b)}. The influence extends to deeper than
the 10 m depth at well W15 of A Type.

It can be seen from Figure 27-¢ that the groundwater
temperature at each depth was the lowest in May, 1984. This
is caused by the seepage of cold water from the Shinano
River. This is because the water temperature of the Shinano
River was the lowest in February, 1984 when the groundwater
level in the urban area was the lowest dus to the heavy
extraction of groundwater through wells.,

Corresponding to the increase of the falling groundvwater
level in 1984 and 1985 (Figure 26-d) caused by increased
pumpage for snow melting, the increase of the groundvater
temperature during the winter at a depth from 9 te 15 m at
well W6 is larger (Figure 26-d) than the value of the

preceding vear.
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V. NUMERICAL ANALYSES OQF SUBSURFACE TEMPERATURE DISTRIBUTION

Numerical analyses of regional differences and changes
in observed subsurface temperatures are indicated in this
chapter. In the unsaturated zone, changes in the soil
temperature are analyzed by numerical simulation in Section
5-1. In the saturated zone, four characteristic types of
temperature-depth profiles shown in Section 4-2-3, are
analyzed using the one-dimensional heat conduction-convection
equation in Section 5-2, and vertical two-dimensional

analyses are indicated in Section 5-3,

5-1 Percolation of scil water

Changes 1in the soil temperature caused by the
percolation of the soil water are analyzed by the numerical
method in this section, First, a model of heat transport
which contains not only heat conduction and convection but
also the heat exchange between water and soil particles, is
indicated in Section 5-1-1. Second, the numerical simulation
of changes in soil temperature caused by the infiltration of
snowmelt water are performed using the model and observed

values of parameters for calculation in Section 5-1-2.

5-1-1 Model of so0il water movement

The mechanism of the heat transport process differs when
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there 1s mass GLransport. In the absence of mass transport,
heat is ftransported only by heat conduction. In contrast,
when there is mass transport, heat 1s transported by both
heat conduction and convection. As can be seen in Figure 12,
the ground surface temperature is lower than the soil
temperature and the gradient of soil temperature is steep
during the snow season. Thus, the influence of heat exchange
between solid and fluid phases after socill water movement
cannot be considered negligible. Therefore, the eguation (3)
of heat conducticn and convection (Stallman, 1%63) should be
modified to take this effect into consideration.

Figure 28 shows a heat transport medel in an element
volume, dx;dy;dz of permeable material, which ig assumed to
be isotropic and homogeneous. In this study, the soil is
assumed to be saturated, because the percentage of air and
water vapor is small during the snowmelt season. The soil is
divided into three parts, solid, mobile and immobile waters.
Heat transport equations for mobile water, and for immobile

water plus soill particles are expressed as follows,

respectively:
aTw _ 3iTw . 3w
Om-cw. pw =t - Om. kw ETE Em-cWepw-VZ iy
+ h-ai{Ts-Tw) ++--- (8)
_ . 3Ts _ 3%1rs e e (9)
(1-em) .cs-ps ST {(1-0m) - ks T h- ai(Ts—Tw)

where Om and T are the mobile water content and temperature;

¢, ~f, k and Vz are specific heat, density, thermal
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conductivity and velocity of mobile water in the z direction,
respectively. Further, h and ail are the heat transfer
coefficient and the interfacial area per unit volume,
subscripts s and w denote solid plus immobile water and

mobile water, respectively.

5-1-2 Numerical simulation of change in solil temperature

When the sensor of a thermometer is inserted into a soil
section, it cannot pass into the soil particle and it is
difficult for immobile water to be in contact with the
surface of the sensor because of the adsorptive force of soil
particles. Therefore, it is considered that the temperature
measured by the thermometer is nearly egual to Tv in
equations (8) and (9).

Generally, soil water is divided into bound and free
waters, and it is considered that the boundary is between pF
3.0 and 4.2 (Hillel, 1971). Since the estimated line breaks
at about 31 % of the water content and the pF value at the
break point is about 3.5 (Taniguchi and Kavane, 1986), it is
assumed that 31 % of the soil water content may be considered
to be the immobile water content. The thermal conductivity
ks of solid plus immobile water of 31 % was estimated from
the regression line to be about 2 x 1073 cal/cm.s.°C. The
heat capacity of solid plus immobile water is estimated by
the following equation:

Cs ps = 0.54 f1 + 1.0 f? e eseanes (10}
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where the solid ratio fi was 0.48 and the ratio of immobile
water content f2 was 0.31.

Since it is difficult to solve equations (8) and (9)
analytically, soil temperatures are simulated using a
computer. The numerical simulation is based on a backward
finite difference approximation, and the Gauss elimination is
used for the calculation.

The soil and groundwater temperatures at the time when
the temperature began to fall simultaneously from the surface
tc a depth of 170 cm (Figure 19}, are used as the initial
conditions for calculation. It is assumed that Ts is equal
to Tw at t = 0, The soil temperature at the surface and the
groundwater temperature at the depth where the temperature
gradient is nearly zero are used as the upper and lower
conditions, respectively. The term h-ai is considered to be
negligible in the calculation for the period during which
soil temperatures fall, because soil water moves quickly.
Although the percolation velocity Vz changes according to the
rate of the infiltrated meltwater, it is assumed that Vz
remains constant while the soil temperature is falling. The
assunption is based on a linear decrease in the soil
temperature at any depth with nearly the same gradient
{Figure 20).

Diurnal changes in the soil temperature are gimulated
under the conditions and procedures mentioned above, forT
March 1, 9, 15, 23, 30 and April 6, because the vertical

distributions of the groundwater temperature were measured On
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these dates. Figure 29 shows comparisons of calculated and
measured soil temperatures at the depths of 40, B0 and 120 cm
from the beginning of the soll temperature decrease up to 15
hours later on March 9 and 165, The best fitted wvalues
(within 0.1 °C} on March 9 and 15 are obtained when the
percolation velocities of mobile water are 1.7 and 1.5
cm/hour, respectively, from the beginning of the soil
temperature decrease up to 6 and 5 hours later, and when the
values of h-ai are 0.02 and 0.04 cal/cm-h -°C, respectively.

The changes in the soll temperature on the six days when
the calculations were performed, can be simulated within 0.2
°C using values of h-.-ai which are between 0.02 and 0.04
cal/cm-n -°C. Simulated infiltration rates and snownmelt rates
on the six days are shown in Table 2. The infiltration rate
I is the product of the mobile water content, the percoclation
velocity and the consecutive hours of infiltration in one
day. The snowmelt rate § is the product of the water
equivalent of snow cover in an element wvolume and difference
of the snow depth. The ratios of I to S were between 0.47Z
and 0.83.

The ratios of volume of the infiltrated water to
rainfall using the same model were between 0.28 and 0.67.
The means of the ratio of the infiltrated water to the
snownelt water and rainfall are 0.65 and 0.43, respectively.
Therefore, the ratio of the infiltrated water to the snowmelt

water is about 1.5 times as large as that to the rainfall.

5-2 One-dimensional groundwater flow
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Figure 29
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Table 2 Calculated values of infiltration and snowmelt rates

Mobile water Percolation Consecutive Infiltration Snowmelt

content velocity hours rate (I)_1 rate (521 I/s
(%) (emh ") {h) (em day™ ) (cm day ')
Mar. 1 12 1.5 7 1.26 2.39 0.53
Mar, 9 14 1.7 6 1.43 1.90 0.75
Mar.15 14 1.5 5 1.05 1.94 0.54
lar.23 17 0.8 6 0.82 }.93 0.42
Mar. 30 19 1.6 7 2.13 2.56 0.23
Apr. 6 1% 2.8 g 4. 26 5.10 0.84
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Regarding the temperature-depth profiles in the
saturated zone, it became clear in Section 4-2-3 that the
profiles are classified into four types. After showing the
adequacy of one-dimensional analyses, the temperature-depth
profiles of A and B types are analyzed in Section 5-2-1 using
the vertical one-dimensional conduction-convection eguation.
The profiles of the C and D types are analyzed using the
horizontal and vertical conduction-convection eguations in

Sections 5-2-2 and 5-2-3, respectively.

5.2-1 Vertical groundwater flow in the recharge and discharge

areas

The response of the groundwater temperature to rainfall
was shown in Section 4-3. In order to clarify the effect of
rainfall on the depth to the isothermal layer, Figure 30
shows the relationships between precipitation and the depth
to the boundary of layer in which the groundwater temperature
changes more than 0.7 °C because of the infiltration of
rainfall at W15, W18 and W31. Broken lines in this figure
show the depths of the isothermal layer at each point. The
ratio of the depth approximated by gquadratic eguation to the
depth of isothermal layer is 0.92 at well W15 (Figure 30-a).
In addition to this, Taniguchi (1985) clarified that
horizontal groundwater flow hardly affects the groundwater
temperature at well W15. Therefore, it is possible to

analyze the groundwater temperature in well W15 using the
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Figure 30
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following vertical one-dimensional eguation which is

converted from equation (3).

= ke T - comazae .. (11)

Figure 31 shows the seasonal changes of groundwater
levels at observation well W13 which is located near well
W15, at cobservation well W18 and the shallow wells near each
observation well. From these water levels in shallow and
deep wells, 1t is possible to c¢alculate the wvertical
groundwater flux. This 1is because the positions of the
screens 1in the observation wells (Table 1) are deeper than
the depths of the shallow ones which are 5.6 m and 6.0 m
depths at W339 and W135, respectively. At well W13 (Figure
31-a), the hydraulic head of the observation well is lower
than the shallow one indicating the downward groundwater
flux. 1In contrast, at well W18 (Figure 31-b), the hydraulic
head of the observation well is higher than the shallow one,
indicating the upward groundwater flux.

Vertical one-dimensional c¢alculations are performed by
using equation (11). With regard to the thermal diffusivity,
the values of 4.9 x 107% cm!/s in the gravel and clay laver
(Boyle and Saleem, 1979), 5 x 107 cm?/s in alluvial deposits
{Cartwright, 1968) and 7 x 1073 ch/s in medium coarse sand
with gravel (Andrews and Anderson, 1979) were used in
previous studies of groundwater temperature. In this study,
6 x 1072 m? fdav is used as the thermal diffusivity because the

geology of the study area consists of sand and gravel, Soil
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Figure 31
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temperatures at the depth of 4 cm below the surface and
groundwater temperatures at the depth of 20 m, are used as
the upper and lower boundary conditions, respectively.
Calculations are based on a backward £inite difference
approximation, and repeated until the difference between the
calculated temperature and that of preceding step is within
0.001 °cC. Temperature-depth profiles for the A Lype in
Figure 32-a are calculated by giving the downward groundwater
flux of 0.01 m/day. The water flux is obtained by
multiplying the mean hydraulic gradient at well W13 (Figure
31-a) by the hydraulic conductivity in the vertical direction
which is between 0.1 and 0.01 times as small as that of the
horizental direction.

Figure 32-b shows the calculated tenperature-depth
profiles for the B type by giving the upward groundwater flux
of 0.07 m/day. The water flux is obtained by multiplying the
mean hydraulic gradient at well W18 (Figure 31-b}) by the
hydraulic conductivity in the wvertical direction which is
between 0.1 and 0.01 times as small as that of the horizontal
directicn. Figure 32-a and Figure 32-b show the
characteristics of the temperature-depth profiles of the A
type and B type wells, especially the depth to the isothermal
layer. That is to say, it is clarified@ by calculations that
the depth to the isothermal layer deepens in the recharge
area and shallows in the discharge area due to downward and

upward water flow, respectiwvelvy.

5-2-2 Horizontal advection of groundwater flow
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Figure 32
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The temperature-depth profiles of well W31, which is a
typical well of the C type, are not explained by vertical
cne-dimensional analysis as can be seen in Figure 30-c.
Therefore, the numerical analyses o¢f the change in
groundwater temperatures caused by horizontal groundwater
flow are made for the C type well in this section. The
results of the calculations are shown in Figure 33 using the
following horizontal one-dimensional heat conduction-
convection eguation which is converted from equation (3}).

T 9T
cp —— = kx—-g-x—z—*‘ CoPolX 7o R A

The water temperature of the Shinano River (Figure 33-a)
was used as a boundary condition because the groundwater near
the well W31 almost comes from the Shinano River throughout
the year, Jjudging from the configuration of the water table
as shown in Figure 13. The mean groundwater temperature in
the well W11 was used as the other boundary condition.
Calculations are performed with different water fluxes
(Figure 33-b} and thermal diffusivities (Figure 33-c) as
parameters. When the water flux gx is 0.34 m/day, the
observed groundwater temperatures agree with the calculated
values., This flux is nearly equal to the value calculated by
hydraulic conductivity and the mean hydraulic gradient of
0.003 in the region near well W31 (Figure 13). When the
thermal diffusivity of the horizontal direction is 1.8 x 107"

m? /day, the calculated temperatures approximately coincide
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with the observed cnes, though the agreement in ¥March was not
gcod. The horizontal thermal diffusivity obtained as
mentioned above is three times as large as the vertical one
which is assumed to be 6.0 x 1072 m? /day based on previous

studies.

5-2-3 Shift of groundwater body due to pumping

Figure 34 shows the results of calculations for the D
type well using the vertical one-dimensional conduction-
convection eguation (11). In this calculation, the downward
water flux of 0.08 m/day which is obtained from the effective
porosity of 0.3 and the falling depth of the groundwater
level, is given during January and February below the depth
of 5 m, This is because the groundwater level began to fall
at that depth. The temperature and the depth of warm laver
in the temperature-~-depth profile in March indicate the
characteristics of the D Type well in the urban area.

Groundwater temperatures for D type wells in each year
are calculated by the same method mentioned above. Figure
35 shows the observed relationships between the differences
of groundwater temperature at the depth of 12 m and the
differences of groundwater level between Decenber and
February in D type wells. This figure alsc shows the
calculated relationships between the differences of
groundwater temperature at 12 m depth and the downward water
flux which is given during January and February below the

Gepths of 3, 4 and 5 m for the calculations as mentioned
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above. That means, the numbers of calculated lines in this
figure indicate the depth where the groundwater level began
to fall. When the effective porosity is assumed to be 0.3,
the falling groundwater level of 10 m during two months
corresponds to the downward water flux of (.05 m/day. In
this figure, the observed wvalues at each point in each vear
correspond to the calculated wvalues. Therefore, it can be
geen that the warm layer caused by pumping depends on the
groundwater level before pumping and the falling depth of the

groundwater level.

5-3 Vertical two-dimensional groundwater flow

In Figure 15 of Section 4-2-2, seasonal changes in the
groundwater temperature in the vertical cross sections were
shown., In order to clarify the effect of two-dinensional
groundwater flow on groundwater temperature, the results of
analysis in the wvertical north-south section are shown in
this section. Figure 36 indicates the grid spacing for the
calculation along A-B in Figure 6 and the seasonal variation
of the change in the heat storage caused by heat convection.
The difference between the calculated groundwater temperature
obtained by using a two-dimensional heat conduction equation
which is converted from eguation (1) and the observed one, is
shown in this figure as the change in heat storage by the
heat convection. Soil temperatures at the depth of 4 cm
below the surface and the groundwater temperature gradient of

0.025 °c/m, are used as upper and lower boundary conditions
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for calculation.

In zone I, which is located in the southern area, the
change in heat storage caused by heat convection moves from
the upper laver to the lower layer. This means that the
downward heat convection mainly affects the groundwater
temperature in zone TI. In zone II, there is little
jifference of change in heat storage with depth, that is,
heat storage at each depth changes in the same way. These
indicate that heat convection caused by infiltration from the
surface dominates in the southern area, and horizontal heat
convection mainly affects the groundwater temperature in zone
IL. In comparing zone I with zone III, which is located in
the urban area, changes in heat storage support the upward
groundwater flow f£rom the lower layer during the recovery of
groundwater level after March, at the depth from 3 to 6 m.
Therefore, it can be seen that the change in heat storage
caused by heat convection reflects the regional groundwater
flow system in which the recharge dominates in the southern

area, and the groundwater flows and discharges into the

northern area.
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VI. DISCUSSION

Regarding the soil temperature in the unsaturated zone,
it has been clarified by an experiment in the unsaturated
zone using a soil column, that scil water movement in the
capillary water zone takes place simultaneously at all levels
whenever a wetting front reaches the upper boundary of the
unsaturated capillary water zone (Sakura and Taniguchi,
1983). In the present study, judging from the scil water
content and c¢roundwater level, the unsaturated zone is almost
within the capillary water zone during the snowy season
because the soil consists of fine particles mostly composed
of silt at the observation point (Taniguchi, 1985).
Therefore, the simulation using equations (9) and (10) are
performed in Section 5-1 under the condition that the
infiltration velocity is constant in regard to the depth and
time during the soil temperature fall.

Combarnous and Bories (1975) menticned that the heat
transfer coefficient h depends on fluid velocity and
viscosity, on the thermal characteristics of both solid and
fluid phases, and on the texture of the medium. When water
moves quickly, it is considered that the heat transfer
coefficient h is very small. Therefore, h-ai is considered
to be negligible in the calculation for the period in which
soil temperatures fall simultanecusly from the surface to a
depth of 170 cm (Figure 29).

In this study, h.ai was determined by numerical
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simulation because it was difficult to measure the heat
transfer coefficient (h) and interfacial area (ai) in the
field. Then, infiltration rates were calculated for six days
during which groundwater temperatures were observed.
Therefore, if the groundwater temperature during the snow
cover season is known, it will be possible to calculate the
snowmelt rate during the whole winter in the snowy area,
hased on the soil temperature change. In the future, it will
be necessary to determine the heat transfer coefficient based
on the physical characteristics of the soil and on the flow
condition of water using a soil column in which heat and
water flows can be controlled.

Regarding the results in the saturated zone, Figure 37
shows the distribution of the depth to the isothermal layer
determined by the groundwater temperature measured at two-
month intervals during a vear. The depth indicates the top
of the layer at which the annual change of groundwater
temperature 1is within 0.1 °C. In this figure, the broken
-cirgles show the wvalues c¢cbhtained from the groundwater
temperature measured at four-month intervals during three
years. It is clear from this figure that the values are
large in the southern area where the A type wells are located
and the region near the river where the C type wells are
located. In contrast, the depth to the isothermal layer is
small in the northern and urban areas, in the north of the
left bank of the Shinano River where B type wells are located
and in the south of the left bank of the Shinano River vhere

a thick clayey laver accumulated.
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Distribution of the depth to the isothermal layer.

Figure 37
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If the heat convection caused by the movement of
subsurface water does not exist, the depth to the iscthermal
layer at every point should be the same because the
subsurface temperature is formed due to the division of
energy only by heat conduction. However, distribution of the
depth to the isothermal layer shows the regional
characteristics reflecting the three-dimensional groundwater
flow.

Comparing Figure 37 with Figure 22, which indicates the
distribution of the infiltration rate for 156mm rainfall, the
depth to the isothermal layer corresponds to the infiltration
rate except for the region near the river. That is to say,
deep and shallow depths to the isothermal layer correspond to
the large and small values of the infiltration rate in areas
where A type and B type wells are located, respectively.
However, the depth to the isothermal layer in the region near
the river where C type wells are located, is deep in spite of
the small value of the infiltration rate of rainfall. This
means that the groundwater temperature in C type wells is
mostly formed by horizontal advection as can be mentioned in
Section 5-2-2.

In Section 5-2, it was clarified by the analysis
considering heat convection that the difference between the
temperature-depth profiles of four typical wells and the
normal profiles calculated by the heat conduction theory is
caused by the regional groundwater flow. Therefore, the A
type is named as a recharge type which is located in the

recharge area where the downward water flux dominates. This
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type can be explained by the downward flow rate of 0.01 m/day
throughout the year, so that, the depth to the isothermal
layer is deeper by 5 m than the value obtained by the heat
conduction theory. In ccntrast, the B &Ltype is named as a
discharge type which is located in the discharge area with
the upward flow rate of 0.01 m/day throughout the year, so
that, the depth to the isocthermal layer is shallower by 5 m
than the one calculated by the heat conduction eguatioen. In
addition to these, the C type 1s named as an advection type
in which heat convection due to the horizontal groundwater
flow near the river contributes to the groundwater
temperature formation. The D type is named as a pumping type
which has a characteristic of warmn layer at the depth of 10-
15 m during the winter dve to pumping for snow melting.

In Section 5-2, numerical analyses of temperature-depth
profiles using one-dimensional equaticns (11) and {12} are
performed on four types of wells. The calculated temperature
agreed with the observed value regarding the depth to the
isothermal layexr and the warm layer in D type wells.
tlowever, the calculated subsurface temperatures did not agree
well with the observed ones in the shallow laver. This is
due to using a steady water flux for calculation. Though the
recharge rate, discharge rate, horizontal groundwater flow
rate from the Shinano River and the vertical water flow rate
induced by pumping are used for calculations as constant
values in this study, these flows are unsteady in fact. If
the unsteady water flow can be known throughout the year, the

calculated values will agree better with the observed ones.



In Section 4~4, the secular variations of groundwater
temperatures for four typical wells were shown with
climatological data such as air temperature, precipitation
and so on. Though the change of groundwater temperature in
the well of recharge type (A type} corresponds to the change
of these data mentioned above, the change o¢f temperature in
the other type wells does not correspond to the change of
precipitation and the air temperature. That is, when the
subsurface temperature 1is estimated from the climatological
data, it 1s necessary to select the recharge area as a
representative point where climatological conditions directly
affect the subsurface temperature. As described in Chapter
2, though the subsurface temperature in Japan corresponds to
the climatclogical data teo some extent, the scatter of
correspondence is large. This is caused by the lack of
considering where the observation points are located in the

groundwater flow system.
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VII CONCLUSIONS

In this study, changes in subsurface temperature in time
and space in the Nagaoka Plain were observed and analyzed.
In the unsaturated zone, the heat transport model which
contains not only heat conduction and convection but also
heat exchange is indicated to explain the change in scil
temperature. As the result of numerical simulation using the
model , the ratios of infiltrated water to the snowmelt water
and rainfall are obtained. In the saturated zone, the
groundwater temperature field is clarified by measuring water
temperatures in the wells. The relationship between the
regiconal difference of subsurface temperatures and the
regional groundwater flow by which the difference is caused,
ig clarified.

The results in this study are summarized as follows;

(1) The infiltrated meltwater makes the so0il temperatures
decrease at all depths in the capillary water zone in the
davtime. This is caused by the movement ¢f mobile water,
pushed down by the infiltrated meltwater under a soil
temperature gradient that is steep and positive downward.
An increase in the soil temperature after infiltration at
all depths in the capillary zone can be explained by the
heat exchange between soil particles plus immobile water
and mobile water.

(2) Seasonal changes in temperature-depth profiles are

classified into four characteristic types. It was made
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(4)

(5)

(6)

clear by the analysis using the numerical model
considering heat convection that these types were caused
by the regional groundwater flow. These four types were
named recharge, discharge, advection and pumping tyves.
Recharge type wells are located in the recharge area of
the groundwater flow system. The depth to the isothermal
layer of the recharge type profile is deeper by 5 m than
the one calculated by heat conduction theory. This
phenomenon can be explained by the downward groundwater
flow of the order of 0.01 m/day throughout the year.
Discharge type wells of temperature-depth profiles are
located in the discharge area of regional groundwater
system. The depth to the isothermal layer of discharge
type profiles is shallower by 5 m than the one calculated
by heat conduction theory. This phenomenon can be
explained by the upward groundwater flow of the order
of 0.01 m/day throughout the year.

Temperature-depth profiles of the advection type near the
Shinano River do not show a marked gradient in the
vertical direction. That is to say, water temperatures
of the advection type change the same way at each depth
by the effect of the horizontal heat convection. Thermal
diffusivity in the horizontal direction near the Shinano
River was three times as large as the value of the
vertical direction.

Pumping type wells are located in the urban aresa
where the groundwater level falls about 10 m caused by

pumping of groundwater for snow melting during the
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winter. It was caused by the downward shift of the
warmer shallow water. The position and temperature of
the warmer layver caused by pumping depends on the
groundwater level before pumping and the falling rate of
the groundwater level.

The infiltration rate in the recharge area is about two
times as large as that in the discharge area by the
analysis of the change in groundwater temperature. The
ratic of the infiltrated water to the snowmelt water
is about 1.5 times as large as that of rainfall by the

analysis of the change in the soil temperature.
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