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ABSTRACT 

A knowledge of soil surface thermal properties and an understanding of the interaction between the air 

and soil surface layer are crucial to improve the performance of current numerical weather forecasting 
model. 

When solar radiation reaches the soil surface, this energy flux is redistributed in the sensible heat flux, 

latent heat flux, soil heat flux, and long wave radiative energy flux by which the energy balance is main

tained. 

The relative magnitude of each of these redistributed energy balance components is deeply influenced 

by the soil surface conditions. For example, the soil surface albedo, the canopy density, and the soil ther

mal properties such as the soil thermal conductivity or diffusivity are all affected by the soil moisture re

gime. 

In order to study the redistribution of solar energy and energy balance at the soil surface which is af

fected by the soil thermal properties, field observations were carried out and numerical experiments were 

conducted by solving the partial differentiall equation for heat conduction. The field observations took 

place at the Environmental Research Center of Tsukuba University, Japan during July to August 1982 and 

July to August 1983. 

The results can be summarized as follows; 

(1) Soil moisture is evaporated extensively to the atmosphere from the soil surface layer during the day

time, and it is restored from the lower part of soil layer during the nighttime hours. This periodic 

phenomenon is repeated every day during the drying stage of the soil. 

(2) It was found that for the purpose of the numerical experiments the distribution of soil moisture can be 

assumed to take a logarithmic form as follows. 

Ow(z,t)= V1(t)log(z) + V2(t) 

(3) The vertical gradient of soil temperature in the upper most pad of the soil layer becomes gradually 

steeper in response to the drying process of the soil as the soil moisture becomes depleted. On the other 

hand, the soil thermal conductivity decreases as the soil moisture decreases. Therefore, on the whole 

the value of ratio GO/Sn ~soil heat flux at surface I net short wave radiation) may either increase or 

decrease, depending on the relative importance of the temperature gradient and of the thermal conduc

tivity. Actually, it can usually be assumed that the soil heat flux density is relatively constant, because 

the high value of the soil temperature gradient and the low thermal conductivity tend to balance each 

other. 
(4) The ratio of the sensible heat flux to net short wave radiation is s·omewhat small, and it increases little 
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with decreasing soil water content. 

(5) The ratio of the net radiation to the short wave radiation decreases with decreasing soil moisture. 

This means that the net radiation at the soil surface is deeply influenced by the variation of soil 

moisture. 

(6) A decrease in soil moisture results in an increase of the surface soil temperature and soil surface albe

do. As a result, the ratio of net long wave radiation and the net short wave radiation Ln/Sn has a nega

tive correlation with the soil moisture. 

(7) The ratio of the latent and sensible heat fluxes has a positive correlation with soil moisture. 

(8) The parameter Hr has a negative correlation with the soil moisture. In other words, the ratio of the 

radiative energy term to the thermo-and aerodynamic heat energy term at the soil surface increases 

with decreasing soil moisture in the surface soil layer. 

(9) The surface albedo of Kanto loam displays a step-like behavior. It has critical points of change from 0.2 

to 0.1, between the volumetric soil water contents of 0.3 and 0.2 m3m -3, respectively. 

(10) The results of numerical experiments with Kanto loam suggest that the soil thermal conductivity data 

of the Kimball (loam, porosity, 0.41) are more representative of the present situation than Kersten's 

(peat soil, porosity, 0.8). 

From the above results, the following cORclusions can be drown: 

1) There is a low heat conducting layer in the upper most soil layer under dry conditions in the Kanto 

loam study area. This layer can be defined as a quasi insulated soil layer which is assumed to be deve

loped from the soil surface to lower depth of 0.01 m, and is deepened with drying of soil moisture. The 

quasi insulated soil layer reveals following characteristics. 

(1) The volumetric soil water content in the layer is as small as 0.1 to 0.2 m3m- 3. 

(2) The temperature of this layer can change rapidly with rates varying from 5 °C h -1 to 10°C h -1. 

(3) The soil temperature gradient in the layer is usually very steep with typical values of 5 x 102 °C m -1 to 
7 x 102 °C m - 1. 

2) When the soil surface is moist, the incoming solar energy is mainly redistributed into the thermo-and 

aerodynamic heat flux terms, namely, sensible heat flux, latent heat flux, and soil heat flux. On the 

other hand, it is mainly transformed into the radiative heat flux when the soil is dry. When the volumet

ric soil water content at 0.01 m depth varies from about 0.35 m3m- 3 to 0.1 m3m- 3, namely, from awet 

to a dry state, each component of the energy balance typically varies as follows. 

(1) The ratio of net radiation and net short wave radiation Rn/Sn decreases from 0,9 to 0.7. 

(2) Both the ratio of sensible heat flux and net short wave radiation H/Sn, and the ratio of the soil heat flux 

and net short wave radiation GO/Sn increase from 0.1 to 0.2. 

(3) The ratio of latent heat flux and net short wave radiation lE/Sn decreases from 0.6 to 0.3. 

(4) The ratio of net long wave radiatioR and Ret short wave radiatiON Ln/Sn increases from 0.1 to 0.3. 

(5) The ratio of latent heat flux and sensible heat lE/H which iRdicates the inverse of the Bowen ratio 

decreases from 5 to 2. 

(6) The parameter Hr which represents the ratio of radiative heat flux term to the thermo-and aerodynamic 

heat flux term increases from 0.1 to 0.5. 

3) In the numerical experiment on soil temperature variation, the soil thermal conductivity and diffusivity 

are dealt with as functions of soiil moisture, which varies with depth and time, The profile of soil 

moisture can be assumed to be a logarithmic function of depth, that is, the soil moisture increases 

logarithmically with depth from the soil surface. 

The model's output of soil temperature yields good agreement with the observational resuits. This con

firms the presence of the quasi insu1ated soi11ayer in the upper most part of the soil. 
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CHAPTER 1 

INTRODUCTION 

1.1 Review of recent studies on soil moisture and boundary layer meteorology 

Numerous researchers, not only micro-meteorologists but also agricultural meteorologists, or 

ecologist, have studied interaction processes between soil layer and atmospheric boundary layer (Kuo, 

1968; Deardorff, 1978; Schieldge et a1. 1982; Mahrer and Segal, 1985; Bristow, 1987; Choudhury and 

Monteith, 1988; Rakovec and Hocevar, 1988). One reason for the interest is that the accurate values of 

surface fluxes are required as the initial and the boundary values of a General Circulation Model (GCM) 

and/ or an atmospheric mesoscale circulation model. 

In spite of these studies, there still remains severai problems in the energy balance of the surface lay

er which plays an important role in the determination of the surface temperature. For example, it is 

necessary to know the exact amount of soil moisture in order to fully understand the formation of the sur

face temperature; unfortunately this problem has been not studied sufficiently. 

Daily variations of the air and soil temperature are greatly influenced by the re-distribution of solar 

radiation. The manner of re-distribution brings an immediately result on the values of sensible, latent, 

soil heat flux, and long wave radiation. The each term of energy balance components is intend to be a 

equilibrium state in an instant. As a result, under the conditions of a horizontally homogeneous and a 

steady state, a energy balance equation is expressed as follows; 

Rn = H + IE + G 

Rn = (1 - A)Sd - (Lu - Ld) 

H = -CpPaKh(aTa/az) 

IE = -lpaKe(aq/ az) 
G = - ).(aTs/az) 

(1.1.1 ) 

(1.1.1a) 

(1.1.1b) 

(1.1.1c) 

(1.1.1d) 

where Rn, H, IE, and G indicate the net radiation, the sensible heat flux, the latent heat flux, and soil 

heat flux, respectively. A, Sd, Lu, and Ld are the soil surface albedo, the downward short wave radia

tion, the upward long wave radiation, ana down ward long wave radiation, respectively. Cp, Pa, Kh, Ke, 

T a , and z are the specific heat of dry air at constant pressure, the air density, the diffusivity of sensible 

heat flux, the diffusivity of latent heat flux, the air temperature, and depth, respectively. ). and Ts indi

cate the soil thermal conductivity and soil temperature, respectively. 

On the other hand, the air and soil temperature are represented as follows; 

CppiaTa/at) = aH/az + alE/az + aFn/az 

Csps(aTs/at) = aG/az 

(1.1.2) 

(1.1.3) 

where Cs, Ps, and Fn are the soil heat capacity, soil density, and the net long wave radiation flux, 

respectively. 
To investigate the effect of precipitation on the air and soil temperature, each term of equation 

(1.1.2) and (1.1.3) will be carefully determined. If the solar radiation, which is independent of soil 

moisture condition, is given, the net radiation Rn may be decided by the values of soil surface albedo A, 

up and down ward long wave radiation, Lu and Ld. The soil surface albedo is defined as follows; 

-1-



(1.1.4) 

where Su is the reflected short wave radiation by the soil surface. The value of surface albedo A is 

affected by the soil surface condition such as the soil moisture, soil color, and soil components. 

However, in this study, soil moisture was merely described as only wet or dry state for the first observa

tion period. The variation of soil surface albedo due to the change of soil moisture has been discussed 

by Graser and Bavel (1982), and ldso et a1. (1975). The terms of the upward and downward long wave 

radiation flux, Lu, Ld were described in detail by Brunt (1932). Lu can be given as follows; 

(1.1.5) 

where Es, (J and To indicate the emissivity of soil surface, the Stefan-Boltzmann constant and soil sur

face temperature. Lu is a function of the surface temperature which depends strongly on the amount of 

soil moisture. Ld has been formulated as follows; 

(1.1.6) 

where Ea is the emissivity of atmosphere which is the function of the water vapor pressure. Because 

of the fact that water vapor pressure in the atmosphere concern with the soil surface wetness, the down

ward long wave radiation is also a function of soil moisture. The sensible heat flux is determined by the 

two terms, i.e., the diffusion coefficient, Kh and the air temperature gradient, aTa/az, which are denoted 

in the equation (1.1.1b). The value of Kh is given as follows; 

Kh = li11*Z/ ~&(O 

( = -z/L 

L = -CpPau*Ho!KgTo 

(1.1.7) 

(1.1.8) 

(1.1.9) 

where A-, U*, ~6 and ( are von Karmann constant (0.4), frictional velocity, the universal function on at

mospheric stability, and the stability parameter. Ho, g, L are the sensible heat flux at the soil surface, 

gravitational acceleration and Monin-Obukhov length. Since Ho and To also varies with soil moisture, 

sensible heat, diffusivity Kh in equation (1.1.1b) should be changeable with the soil moisture condition. 

It is clear that the latent heat flux is affected by the evaporation condition of soil, i.e., whether the soil 

surface is wet or not. 

The soil temperature and soil moisture are related as follows (Philip, 1957); 

aow / at = -1/ Pw·oqu/ Oz 

aTs!at = -l!Cs·aG/az 

(1.1.10) 

(1.1.11) 

where Ow, Pw, qo, and Cs are the volumetric soil water content, density of liquid water, soil moisture flux, 

and volumetric soil heat capacity, respectively. The moisture flux which includes the vapor and liquid 

types of water and the heat flux are given as follows; 

qo = qO,Jiq + qo;vap 

G = - J,·aTs/az + lqo,vap 
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where qU,liq, qll,vap are the moisture flux of liquid, the moisture flux of vapor, respectively. The moisture 
flux of liquid is denoted as follows; 

(1.1.14) 

where Dllliq and DT1iq are the diffusivity of the liquid water. These values of diffusivity can be given as 
follows; 

DIJ1iq = Kw·o¢w/oO 

DTliq = Kw·o¢w/aT 
(1.1.15) 

(1.1.16) 

where Kw and ¢w are the hydraulic conductivity and the metric tension of liquid water, respectively. 

The water vapor flux is represented as follows; 

(1.1.17) 

where Darm , f(Ow), and Pv indicate the diffusivity of water vapor in air, tortuosity and porosity parameter, 

and the water vapor density in soil pore, respectively. 

The numerical formulae introduced by Philip (1957) have been widely used in numerical experi

ments, e.g., Sasamori (1970) aHd Kondo et a1. (1992). However, these approaches are not without 

difficulties. Notably, the diffusivity of equations (15)-(17) varies greatly depending on place, and it is 

very difficult to determine the exact value by observation. 

1.2 Purposes of the study 

The field observation and the numerical experiment are carried out to investigate the effect of soil 

moisture on the surface temperature and the energy balance at soil surface. 

To investigate the interaction relationship between the observed values, we carry out the time-series 

analysis about the air and soil temperature, precipitation, soil moisture, and each component of energy 

balance. 

In Chapter 1, at first we investigate the preceding papers which deal with the effect of soil moisture 

from a view of boundary layer meteorology. Secondary we point out several unsolved problems of the 

preceding researches and propose the purposes of the study. 

In Chapter 2, the outlines of the observational system in connection with the each terms of energy 

balance and the calibration of instruments are described. We analyze the observed data for time series 

analysis to get a relation between the soil temperature and soil moisture. 

In Chapter 3, the time variation of the soil moisture is described. Also the relation between the soil 

heat flux and vertical gradient of soil temperature is described. We write about the soil surface albedo, 

sensible heat flux, diffusivity of sensible heat flux, and quasi insulated soil layer. 

In Chapter 4, numerical experiment is carried out. One dimensional heat transfer equation is used 

in the experiment. The initia'l and the boundary condition are given from the observed data. The soil 

thermal conductivity and diffusivity are considered as a function of soil moisture. The interpolation 

values of the amount of soil moisture are given by the analysis of Fast Fourier Transform (FFT). 
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CHAPTER 2 

FIELD OBSERVATIONS 

2.1 Instrumentation and acquisition of data 
The observation site which occupied the area of 400 m2 had been plowed carefully to form a uniform 

soil surface before the instruments were installed. Furthermore, in order to obtain the stable condition 

of soil layer, the site was left untouched for about one month after placing the dielectric soil moisture 

meters, ?oil heat flux plates, and thermocouple thermometers in the soil. The surface condition of bare 

soil was continuously maintained through the observation periods. The period spans from July to Au

gust 1982 for the first run, from July to August 1983 for the second run of the experiment. Table 1 lists 

the meteorological and hydrologic elements measured during the experiment, and schematic view of in

strumentation is given in Figure 2.1.1. 

Observation levels of dry and wet bulb temperature were 0.1, 0.45, 0.8, 1.6, and 2.7 m above the 

ground and the thermocouples to measure the soil temperature were buried at 0.001, 0.01, 0.02, 0.03, 

0.05,0.07,0.1,0.2, and 0.5 m depth. The installation depths of soil heat flux plates to measure the soil 

heat flux were 0.01, 0.03, and 0.07 m for the first run period, and 0.01, 0.03, 0.1 m for the second run 

period. 

Generally, G1ll type anemometer or 3-cup anemometer is not reliable for measuring the under range 

of wind velocity of 0.5 m/sec because of its inertia of anemometer (Hayashi and Hwang, 1981). 

However, since the lower limit of wind velocity detected by sonic anemometer thermometer is above 0 

m/sec, sonic anemometer thermometer was installed at 0.45 m height to measure the thermal flux w'T' 

and momentum flux u'w' where w', u', and T' are the deviation from the fluctuating value of vertical 

and horisontall wind components and of air temperature, respectively. It shows that diffusion 

coefficient, which is related to sensible heat flux and latent heat flux, around 0.45 rh height is very differ-

Table 1. Instruments used for the micro-meteorological observations 

observation components 

air and soil temperature 

soil moisture 

soil heat flux 

net radiation 

albedo and' solar insolation 

wind velocity and direction 
thermal and momentum flux 

precipitation 
evaporation 

device and sensor(type) 

copper-costantan thermocou
ple 
dielectric soil moisture meter 
(DIK-E) and auger type soil 
sampler 
soil heat flux plate (CN-81) 

net radiometer (CN-ll) 

pyranometer (MR-21) 

sonic aNemometer ther
mometer (DAT-310) 

rain gauge 
weighing lysimeter 
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remark 

thickness 0.3 
mm 
DArKI Co. 
(JAPAN) 

EKO Co. 
(JAPAN) 
EKO Co. 
(JAPAN) 
EKO Co. 
(JAPAN) 
RAUO 
DENKI Co. 
(JAPAN) 
data of ERC 
data of ERC 
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Figure 2.1.1 Schematic diagram of micro-meteorological observation system to 
measure the energy balance components and soil moisture. 

ent from that of upper height's because of steep temperature gradient near the bare soil surface. For 

reference, the data of sonic anemometer thermometer at 32 m height was obtained from the routiNe data 

measured and recorded at some 100 m west of the observation site at the Envi'f'omnental Research Cen

ter (ERC) of the University of Tsukuba. 

Two probes of a dielectric soil moisture meter were located at 0.02 m and 0.05 m depth for the first 

run period, and at 0.01 m and 0.04 m depth for the second run period. To measure albedo on the bare 

soil surface, two pyranometers were installed both upwards and downwards at 0.45 m height. A Funk 

type Net radiometer was placed at 0.45 m height as well. Some examples of height placement of net 

radiometer, for instance, have been 0.1 m by van Bavel and Fritschen (1965); 0.5 m by Rosenberg 

(1966), Idso and Cooly (1971), and Stanhill, Hofestede, and Kalma (1966); 1.0 m by Davies and Buttimor 

(1969); 2.0 m by Begg et a1. (1964). In the above studies, no reason was given for the height placement 

of net radiometers. Only Idso and Cooly (1971) suggested that the height placement of net radiometer 

was 0.5 m above the ground surface because of prevention the effect of ambient air layer between the 

soi,l surface and net radiometer. In this study, 0.45 m was adopted for measurement of net radiation. 

The sensor for measuring the dry and wet bu[b temperature was manufactured to be inserted into 

the shield with the ventilation device which provides the wind velocity of 3 m/sec or more in order to 

prevent the radiative heat flux from the sky and from the ground surface (Figure 2.1.2). 

Excluding the wind data and temperature components from the sonic anemometer thermometer, 

other analogue signals of thermocouple thermometers, soil moisture meters, and soil heat flux plates 

were printed out by using data logger (type YODAC-8), and which were used as an input for computer 

analysis. 
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Sampling intervals of the analogue data were selected as 1 minute or 10 minutes. MELCOM-70 

type computer of ERC was used for the analysis of the data obtained at the first observation period and 

IBM compatible personal computer for the analysis of the second observation period. 

The output values of sonic anemometer thermometer, u'w' and w'T' were processed by 10 minutes' 

running average, which was recorded at the cassette tape recorder at every ten minutes and it was calcu

lated by the MELCOM-70 computer. 

2.2 Calibration of instruments 

2.2.1 Dielectric soil moisture meter 

General methods for determining the soil moisture in situ, include gravimetric, nuclear, electromag

netic, tensiometric, and hygrometric approaches (Schmugge et al. 1980}. Of these techniques the elec

tromagnetic and gravimetric methods were used in this study in order to measure the s~i'l moisture con

tinuouslyand with sufficient accuracy. Since the dielectric soil moisture meter is the equipment which 

gives the dielectric capacity of soil particles and soil moisture as a voltage, it is necessary to convert the 

output voltage into the volumetric soil water content. 

The dielectric soil moisture meter with two sensors allowed a continuous measurements of the soil 

moisture. The soil moisture meter does not yield the absolute soil water content, rather it gave a rela

tive value. Therefore the soil samples obtained by auger method has been used to convert the output 

value of the dielectric soil moisture meter into the volumetric soi~ water content. The relation between 

the output value and volumetric soil water content was obtained by the linear regression. Sampling of 
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the soil was carried out at 0.01-0.035 m, and 0.035-0.06 m depth for the first observation period and 

0.0-0.025 m, and 0.025-0.05 m for the second observation to calibrate the output of the dielectric soil 

moisture meter into the volumetric soil water content. 

The soil samples were taken within the 2 m distance around the dielectric soil moisture meter probe 

by an auger type soil sampler three times a day (9 hour, 13 hour, 18 hour JST). The dielectric soil 

moisture meter probe of 0.02 m thickness, as shown in Figure 2.2.1, yields the average value of soil 

moisture between 0.005 m and 0.025 m depth from the surface with one probe placed at 0.015 m depth, 

and that between 0.03 m and 0.05 m depth another probe buried at 0.04 m depth. On the other hand, 

the can used for the soil sampling has the inner volume of 0.000005 m3 with about 0.05 m diameter and 

0.025 m height. Thus, the values of soil moisture determined by the two methods represent slightly 

different soil layer. In the present study, in order to treat them together without assuming too many as

sumptions, we define the volumetric soil water content of the first layer (denoted by 0.01 m depth here

after) which means the mean value of the volumetric soil water content between the soil surface and 

0.025 m depth, and the volumetric soil water content of second layer (denoted by 0.04 m depth here

after) means that of 0.025 -0.05 m depth. 

The soil sample was first weighed at the wet state (Wt). Then, the weight of soil water (Ww) was de

termined as the difference between the Wt and the weight of dry soil sample (Ws) which was determined 

after dry in an oven at 105°C for one day. The volumetric soil water content can be obtained by the fol

lowing equation (Kayane, 1980); 

Ow = (W w/Ws) x (Ws/V) 

= Ww/V(m3m- 3) (2.2.1) 

The relation between dielectric soil moisture meter output, the volumetric soil water content ob

tained by the auger type soil sampler, and dielectric soil moisture meter sensor's temperature can be ex

pressed by the following equations. 

01 = 0.0265 - 0.00056 Tl + 0.0438 Ml 

04 = 0.124 + 0.00233 T4 + 0.0441 M4 

(2.2.2) 

(2.2.3) 

where fJ is the volumetric soil water content in unit of m3m - 3, and M is the dielectric soil moisture 

meter output in millivolts, and T is the temperature of the soil moisture sensor. The subscripts 1 and 4 

BARE SOIL SURFACE 

DIELECTRIC SOIL MOISTURE AUGER SOIL 

METER PROBE SAMPLER 

Figure 2.2.1 Schematic diagram for setting the probes of dielectric soil 
moisture meter and auger type soil sampler in the soil. 
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represent the depth of 0.01 m and 0.04 m from the soil Surface, respectively. Figure 2.2.2 indicates the 

relation between the dielectric soil moisture meter output Ml and volumetric soil water content 01• 

2.2.2 Soil heat flux plate 

Three soil heat flux plates were used to measure the soil heat flux in this stUdy. Since there were 

little difference from one sensor to another in their calibration coefficient and their shape, they were bu

ried at the same depth of 0.02 m for the purpose of inter calibration. Among these three plates, the 

most reliable one was chosen as a reference and it was used to calibrate two others using the regression 

line (Figure 2.2.3). The relations are given in the following equations. 

G3 = 3.22 + 2.33 Gl (r = 0.99) 

G3 = 2.00 + 1.11 G7 (r = 0.99) 

(2.2.4) 

(2.2.5) 

where G is the soil heat flux, subscripts 1, 3 and 7 represent the depth of 0.01, 0.03, 0.07 m from the 

soil surface, respectively. During the first observation period, the sensors of Gl , G3, and G7 were buried 

at 0.01 m, 0.03 m, and 0.07 m depth, respectively. For the second observation periods, those of GI , G2, 

and G3 were placed at 0.03 m, 0.01 m, and 0.1 m depth, respectively. 

2.2.3 Sonic anemometer thermometer and other instruments 

The sonic anemometer thermometer was serviced several times during the experiment by Kaijo 

Denki in order to maintain accurate measurements. 

We adopted the latest calibration values provided by the manufacturers for a pyranometer and for 

net radiometer. The outputs of the copper-constantan thermocouple with 0.3 mm of diameter used to 

measure the dry and wet bulb temperature were compared with quartz thermometer. However, there 

was no obvious difference between sensors. Therefore, it was used without correction. 
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Figure 2.2.2 Relation between the dielectric soil moisture meter output and 
volumetric soil water content at 0.01 m depth in the soil. 
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2.3 Air and soil temperature 

The changes of air temperature of each level are shown in Figure 2.3.1. There was temperature 

difference of 2.8 °C between 0.1 m height and 2.3 m height at 13 hour on the 23rd of August. However, 

the difference of air temperature between the same two levels was below 1°C at 13 hour on the 13th of 

September. The similar phenomena such as the above case were also observed in the second observa
tion period. 

The difference of soil temperature between 0.01 m depth and surface layer is below 4°C at 12 hour, 

the 3rd of August in Figure 2.3.2. But this difference is nearly 10°C at the same depth in the case of the 

9th of August in Figure 2.3.3. Similar to the above case, the gradient of soil temperature in the first ob

servation period in the Figure 2.3.4 got steeper as the volumetric soil water content near surface layer 

became drier. 

We defined the soil condition as the dry condition when the volumetric soil water content of 0.02 m 

depth in soil was under the 0.1 m3m -3 on the 22nd of August in 1982, and as the wet condition when the 

volumetric soil water content of 0.02 m depth was over 0.3 m3m -3 on the 13th of September for the first 

observation period. On the other hand, we defined the soil condition as the dry condition when volumet

ric soil water content of 0.01 m depth in soil was about 0.1-0.12 m3m-3 on the 9th of August in 1983, 

and as the wet condition when volumetric soil water content of 0.01 m depth was about 0.3-0.4 m3m-3 

on the 3rd of August. 

2.4 Wind velocity and related components 

2.4.1 Wind velocity 
Equation (1.1.1b) and (1.1.7) show that H is a function of stability parameter z/L and diffusion 

coefficient Kh. Both z/L and Kh are closely related to the wind speed. Thus in order to investigate the 
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Figure 2.3.2 Diurnal variations of soil temperature profile on August 3, 1983 
when it represents the wet state of soil moisture. 

behavior of H, it is necessary to look into the wind speed as well. In order to investigate the soil 

moisture effect on the sensible heat flux density which is cOflcerned with stability parameter z/L and 

diffusion coefficient of sensible heat, the data of wind velocity at the 0.45 m and 32 m height, which is 

the lowest measurement height in the surface boundary layer, were analyzed. 

Figl1:re 2.4.1sho'Ws the change of wind velocity as a function of time at 0.45 m height and at 32 m 
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Figure 2.3.4 Depth-time variation of soil temperature on August 22, and 
September 13, 1982 when it reveals the dry state (a) and wet 
state (b) of soil moisture, respectively. 

height. The wind velocity at 0.45 m height was 1.5-2.0 m/sec during daytime while it was nearly calm 

during nighttime. At 32 m height, the wind velocity ranged mostly 2 -10 m/sec during daytime, and 

sometimes it 10 m/sec which is beyond the range of the sonic anemometers between the 6th and the 

10th of August when the soil was on the dry condition. The range was generaHy below 1 m/sec at 32 m 

height during nighttime. 
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Figure 2.4.1 Daily variation of wind velocity during the second observation 
period. Open rectangle and closed triangle represent the value at 
0.45 m and 32 m height from the ground surface, respectively. 

2.4.2 Sensible heat flux density 
Sensible heat flux density is the most indispensable component for determining the temperature of 

surface boundary layer and heat budget of bare soil surface. There are two ways to determine the sensi

ble heat flux density, one of them is an aerodynamic approach which includes an eddy correlation 

method, a gradient method, and a bulk method. The other is the energy balance method. In the 

present study, the eddy correlation method was used to determine the sensible heat flux density. 

By using the eddy correlation method, sensible heat flux density, He, can be expressed with the fol

lowing equation; 

(2.4.1) 

where w'T' is the mean thermal flux and is obtained as the production of the vertical wind velocity devia

tion for the mean value and deviation of temperature from mean value, Cp is the heat capacity of air at 

constant pressure, and is the density of air expressed with the following equation; 

(2.4.2) 

where the Po and T45 indicate the atmospheric pressure at ground surface and air temperature at the 

height of 0.45 m above the soil surface, respectively. 

The mean thermal flux density w'T' was obtained by sonic anemometer thermometer. 

Figure 2.4.2 illustrates the daily variatic)l1 of sensible heat flux density which was obtained by the 

eddy correlation method during the second observation period. The volumetric soil water content at 

0.01 m depth was 0.3-0.4 m3m- 3 which is wet, on the 3rd and 4th of August, 1983. It reveals 100 W 

m -2 value or so for the daytime and 0 -10 Wm -2 for the nighttime at wet state of soil. On the other 

hand, when the s0il moisture condition is dry, the sensible heat flux density reveals 130 Wm- 2 for the 

daytime, a1'ld shows the value -20 Wm-2 for the nighttime on the 8th of August, 1983, 

2.4.3. Stability parameter z/L 

To consider the stability of atmosphere on the diffusion coefficient and sensible heat flux density, 
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Figure 2.4.2 Daily variation of sensible heat flux density during the second 
observation period. 

sensible heat flux density was obtained from the equation (2.4.1). The friction velocity u. was obtained 
as follows: 

u. = Ju'w' (2.4.3) 

where u'w' is the momentum flux obtained by sonic anemometer thermometer. The atmospheric stabili

ty z/L was obtained from the equations (1.1.8), (1.1.9), (2.4.1), and (2.4.3). The heat capacity at con

stant pressure Cp was set as 1003.0] /kg/sec in the equation (2.4.1). Air density p was defined by the 

equation (2.4.2). 

Figure 2.4.3a,b,c,d shows the time variation of stabi<lity parameter z/L. Even z/L is somewhat 

different through the whole observation period, it is low to the extent of -0.1- -0.3 from 6 hour to 18 

hour, that is day time, which indicates the unstable state of atmosphere. Also z/L shows 0.1-5.0 from 

18 hour to 6 hour of next day, that is nighttime, which indicates the stable state of atmosphere. 

However, the atmosphere was almost neutral from 18 hour of the 4th to 6 hour of the 5th in August. 

2.5 Precipitation and soil moisture 
Clear days prevailed during the period from the 18th to 26th of August, 1982 during the first obser

vation period so that the volumetric soil water content at 0.02 m depth decreased from 0.29 m3m -3 to 

0.22 m3m- 3. The soil moisture increased several times by precipitation after that period. There was 

100 mm/day of precipitation on September 9, 1982 due to the passing of midlatitude cyclone through 

the Kanto area of Japan. 011 this day, the volumetric soil water content at 0.02 m depth reached maxi

mum value of 0.46 m3m-3. The daily variation of soil moisture at the first observation period is illustrat

ed in Figure 2.5.1. 

There was 72.2 mm/day of precipitation due to Baiu front from the 25th to 28th of July, 1983, and it 

was assumed that there was more than 100 mm/ day of precipitation within 24 hours (from the 1st to 211d 

of August). At later time the amount of precipitation was not observed because of the power failure at 

ERC. After that, it was clear until 12th of August so that soil moisture become dry. 

The daily variation of volumetric soil water content at 0.01 m and 0.04 m depth IS illustrated in 
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Figure 2.4.3a Time variation of atmospheric stability z/L on August 3-4. 
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Figure 2.4-.3b The same as the Figure 2.4.3a but for August 5 - 6. 
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Figure 2.5.1 Variations of volumetric soil water content and precipitation dur
ing the first observation period. Closed triangle and circle 
represents the volumetric soil water content at 0.05 m and 0.02 
m depth in soil, and P means precipitation (mm/ day). 

Figure 2.5.2 from the 2nd to the 12th of August in the second observation period. The volumetric soil 

water content decreased from 0.4 m3m -3 to 0.1 m3m -3 at 0.01 m depth in soil. It can be seen that daily 

variation of volumetric soil water content shows daily maximum value at 6 hour and daily minimum 

value at 15 hour, and that soil moisture decreases from 0.42 m3m- 3 to 0.22 m3m- 3 at 0.04 m depth dur

ing this period. The pattem of drying of soil moisture at 0.04 m depth is similar to that at 0.01 m 

depth, but its range of daily variation is smaller. Similar result was obtained by Schieldge et a1. (1982) 

in the San Joaquin Valley in CaHfornia. 

In the second observation period, the soil1 maintained field capacity extending from mid-June to early 

July due to the continuous rainfall. The volumetric soil water content at 0.01 m and 0.04 ill depth came 
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Figure 2.5.2 Variations of volumetric soil water content during the second 
observation period. Closed and open circle indicate the 
volumetric soil water content at 0.01 m and 0.04 m depth in soil, 
respectively. 

up nearly field capacity at the 4th of July as shown in Figure 2.5.3. The values were 0.36 m3m -3 and 

0.39 m3m- 3, respectively. On the following day of 5th July, the volumetric soil water content at 0.01 m 

depth increased to 0.42 m3m- 3 due to the precipitation of 18.9 mm/day. That of 0.04 m depth in

creased to 0.55 m3m- 3. 

The amount of soil moisture increase at 0.04 m depth was larger than that of 0.01 m depth. This is 

probably because the soil moisture at 0.04 m reached equilibrium. Similar results were also obtained in 

the case of the precipitation of 6th and 8th, july. The rainfall continued from 10th to 12th, July with 

0.4 mm/day, 0.2 mm/day and 0.7 mm/day, respectively. After two days without rainfall on 13th and 

14th July, the soil got wet again with rainfall of 4.8 mm/day on 15th July. The volumetric soil water 
content at two depths of 0.01 m and 0.04 m slightly decreased with some variation until 12th, July. 

The soil moisttlre at 0.01 m depth decreased much more contrary to the decrease of that at 0.04 m 

on 13th and 14th, July, 1983 as shown in Figure 2.5.3. From 13th to 14th JUly, the decrement reached 

at 0.09 m3m -3. The volumetric soil water content at two depths of 0.01 m and 0.04 m were nearly 

equal on 25th, July. Soil moisture increased again to 0.48 m3m- 3 (at 0.01 m depth) and 0.69 m3m- 3 (at 

0.04 m depth) due to the rail1fal1 of 64 mm/day on 28th, July, respectively. 

From the variation of the volumetric soil water content, it was found that the maximum volumetric 

soil moisture content was about 0.7 m3m- 3, which means that porosity of the soil was about 0.8. The 

volumetric soil water content of about 0.7 m3m -3 decreased to about 0.4 m3m -3 on 29th, July. It is con

sidered that the greater part of decreased amounts penetrated into deeper soil layer .' The volumetric 

soil water content decreased due to clear weather from 3rd to 14th, August. 

Generally there is periodically increase and/or decrease of soil moisture, and the phases of daily vari

ation at two depth are similar to each other from 3rd to 7th, August. On the other hand, there are lag of 

phases at two depth on 8th to 14th, August (Figure 2.5.4). These reveal that there is appearance of qua

si insulated layer. This problem will be discussed again in the section of conclusions. 

Figure 2.5.5 indicates the daily variations of the rainfall and volumetric soil water content. A heavy 

rainfall' (total, 98.3 mm) occurred from 15th to 18th, August. On the day before the rainfall, the soil at 

two depths was dry. Owing to ra4nfaH of 36.2 mm/ day on 15th, August; they rapidly increased from 
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Figure 2.5.5 The same as the Figure 2.5.3 but on August 15-31, 1983. 
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0.12 m3m -3 at 0.01 m depth and 0.2 m3m -3 at 0.04 m depth to 0.36 m3m -3 and 0.38 m3m -3, respective

ly. The maximum value at 0.04 m depth of 0.52 m3m- 3 was observed due to the rainfall of 34.7 

mm/day on 17th, August. 

The soil at two depths was dry until 5 hour 15th, August. The rainfall of 2 mmhc- 1 from 5 to 6 

hour increased the volumetric soil water content to 0.21 m3m -3. However, that of 0.04 m depth did not 

change until 6 hour. By 7 hour, those of 0.01 m and 0.04 m depth increased to 0.287 m3m -3 and 0.279 

m3m -3, respectively. After that time, they rapidly increased to 0.31 m3m -3 at 0.01 m and 0.34 m3m- 3 

at 0.04 m depth by 8 hour, respectively. In response to the rainfall events, soil moisture increased 

and/or decreased after the time. At the same time of the above, soil moisture of 0.04 m depth which 

was apout 0.02 or 0.03 m3m -3, was much more than that of 0.01 m depth. 

It took about one hour for the rainfall to penetrate down to 0.04 m depth. Once the soil became 

saturated, the volumetric soil water contents at 0.01 m and 0.04 m depth increased together in propor

tion to the rainfall. Drying processes on cloudy days were different from those of clear days as shown 

in Figure 2.5.5 by comparison with Figure 2.5.4. 

2.6 Solar radiation and net radiation 

Clear days continued in the second observation period after several rainfall events which had fully 

saturated the soil layer from 3rd to 10th of August 1983. Figure 2.6.1 shows the daily variation of solar 

radiation and net radiation. The maximum solar radiation of August 3rd was 857 Wm- 2 , but that of 7th 

was 679 W m - 2. Five days later from 3rd, solar radiation was increased again to 887 W m - 2. The maxi

mum net radiation of 3rd, August 1983 was 661 Wm -2, while that of 8th August 1983 was 505 Wm -2. 

This means that the ratio of net radiation to solar radiation decreased. This trend coincides with the 

decrease of the soil moisture in Figure 2.5.2. Durand et al. (1988) reported similar results, in which 

the net radiative flux differences were explained by the difference in surface albedo. In the present 

study, it is important to investigate whether the ratio of net radiation to solar radiation is decreasing or 

not, because the process of redistribution of the· net radiation is very important to the surface energy 

balance. This problem will be discussed in the next Chapter. Net radiation of nighttime decreased 

rapidly down to negative value in early evening and then turned positive value again at dawn. Some 

difference of the minimum values of net radiation can be noticed. The minimum net radiation during 
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Figure 2.6.1 Daily variation of solar radiation and net radiation on 3 -10 
August 1983. 
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nighttime was smaller on the 3rd, 4th and 5th of August than that of the 6th, 7th, 8th and 9th of Aug

ust. Also, the comparison of the pattern of the variation of the net radiation at around dawn reveals 

difference concerned with soil wetness (Figure 2.2.3). Because the net radiation balanced by the sensi

ble heat flux, soil heat flux and latent heat flux as shown in equation (1.1.1), these energy balance compo

nents should deeply be related to soil moisture conditions. 
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CHAPTER 3 

DISCUSSION ON THE OBSERVATION RESULTS 

3.1. Estimation of volumetric soil water content 

For the purpose of numerical experiments and the estimation of soil thermal capacity, the volumetric 

soil water content in the soil layers where measurements are not available was estimated as a function of 

time and depth as follows. At first, values of Ow at 0.01 m and 0.04 m depth for a given time were esti

mated by the Fast Fourier Transform analysis, given bellow, for the data set obtained during the second 

run period, i.e., from August 3 to August 12. 

L 
_ A o]" t t 

Uw(l,t) - "2 + .L.J [An1cos(nnl) + Bn1sin(nnz)] (3.1.1) 
11=1 

(3.1.2) 

(3.1.3) 

i = 1, (3.1.4) 

where L is the half number of observed data, 108. The value of Ani, Bni are the amplitude of sine and co

sine function. Aol , Ao4 , are the first term of fourier transform. The nand t are the repeat number and 

time. Subscript 1 and 4 mean the observed depths at 0.01 m and 0.04 m, respectively. Also it was as

sumed through the whole observation period that volumetric soil water content at z=0.99 m for all 

values of t, Ow(99.t), maintained 0.43 m3m -3. Once time series of Ow(l,t). Ow(4.t) were obtained, a logarithm 

relation between the depth and the volumetric soil water content at three depths was determined by as

suming logarithmical decrement towards the surface layer. 

Ow(z.o = VI (t)log(z) + V 2(t) (3.1.5) 

where VIet) and V2(t) are the time variables which were obtained from the observation value of Ow(l.t), 

Ow(4.t). and the assumption value of Ow(99.t). 

Figure 3.1.1 shows the change of volumetric soil water content estimated by the equation (3.1.5) as a 

function of depth and time, and it reveals that the water content of surface layer decreases rapidly as the 

soil becomes dryer. In the Figure 3.1.2, the cross sign and closed circle represent the volumetric soil 

water content observed at 0.04 m and 0.01 m depth, respectively. The soil moisture of the 21st layer 

was kept 0.43 m3m -3 through the whole observation period. Daily variation becomes intense towards 

the surface layer and the minimum value of soil moisture reached 0.03 m3m- 3 in the 1st layer. The 

above result is very similar to the daily change obtained by numerical study of soil moisture suggested 

by Camillo et al. (1983). 
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Figure 3.1.2 Estimated and observed volumetric soil water content during the 
second observation period. The depth of 1st-21st layer is given in 
Table 2. Crosses and closed circles represent the observed value 
at 0.04 m and 0.01 m depth, respectively. 

3.2 Soil heat flux density and net radiation 

The relation between soil heat flux density and net radiation during the first observation period is il

lustrated as a function of soil wetness in Figure 3.2.1, where open circle represents relationship for the 

values observed under the soil moisture condition of 0.22-0.25 m3m- 3 and closed circle represents that 

of 0.30-0.44 m3m- 3 at the depth of 0.02 m. The experimental equation for each condition was deter

mined as follows; 

G1 = -1.5 + 0.15 Rn, 0.22 :S 8w :S 0.25 

G1 = -2.7 + 0.11 Rn , 0.30 :S 8w :S 0.44 

(3.2.1) 

(3.2.2) 

As shown in the equation of (3.2.1) and (3.2.2), the gradient of equation becomes steeper as the soil 

moisture decreases. The relation between the ratio of soil heat flux to net radiation and soil m0isture 

for daytime is illustrated in Figure 3.2.2.. The ratio of GdRn was 0.13-0.2 for 0'.20-0'.26 m3m- 3, 
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Figure 3.2.2 Relation between the ratio of G1/Rn and the volumetric soil water 
content for daytime during the first observation period. 

0..1-0..15 for 0.26-0..29 m3m- 3 and 0..0.8-0..12 for 0..29 m3m-3 or mote. This tendency indicates the 

negative relation between volumetric soil water content and ratio of GdRn. Fig 3.2.3 shows the case of 

nighttime. The effect of soi;} moisture is greater for nighttime than for daytime, because the ratio of G1 

/Rn increases from 0..15 to o.~ '7 for soil1 moisture variation. It is noticed from these results that the effect 

of soH moisture on the ratio GdRn is larger for nighttime than for daytime and also acts inversely. 

-22-



0.1 

o~ __ ~~~~ __ ~~ __ ~~~~ __ ~~ __ ~ __ ~ 
0.20 0.23 0.26 0.29 0.32 0.35 0.38 0.41 0.44 

VOLUMETRlC SOIL WATER CONTENT (m 3 1l1 -S) 

Figure 3.2.3 The same as the Figure 3.2.2 but for nighttime. 

3.3 Soil surface albedo and soil moisture 

Since the soil surface albedo varies with soil moisture variation, when the energy balance and soil 

surface temperature variation are discussed, the relation of soil moisture and albedo have to be dealt 

with together. 

The relations are examined by the field observations and by laboratory experiments. Graser and 

van Bavel(1982) and Kondo et al. (1992) denote the relation of the albedo and soil moisture. On the 

other hand, Idso et al. (1975) carried out field observation to know the variation of soil surface albedo 

with soil moisture. All these results revealed a step like function. 

To know the relation between soil moisture and albedo at Kanto loam, in this study, data were ob

tained during the first and second observation. 

The albedo of bare soil surface varies continuously in a day. Therefore, the values of albedo which 

satisfy the following criteria were taken for the analysis. (1) Solar radiative flu..x was above 400Wm -2. (2) 

When the declination of sun was high, namely, 10-14 o'clock in a day. 

The relation between volumetric soil water content and albedo on bare soil surface is given in Figure 

3.3.1, which suggests the following result. 

1. At the state of dry condition of soil where the volumetric soil water content measured at 0.02 m 

depth is less than 0.26 m3m -3, the soil surface albedo is nearly constant and is around 0.14. 

2. The soil surface albedo decreases rapidly with the increase of the volumetric soil water content 

for 0 range of 0.26 m3m- 3-O.29 m3m- 3. 

3. The albedo is about 0.09 and nearly constant for e > 0.29 m3m -3. 

From the above observational results, we found that the albedo of bare soil surface had the critical 

point at 0.26 - 0.29 m3m -3 volumetric soil water content and varies like a step-like function. The simi

lar results had been reported by Idso et al. (1975) from the field observation (see Figure 3.1.1) and 

Graser and Van Bavel(1982) from the laboratory experiment. The relation between soil moisture and 

soil surface albedo was not identified whether it is linear or step-function yet. So the value of the volu

metric soil water content was taken at 0.02 m depth during the first observation period, the relation be

tween soil moisture and albedo on the bare soil surface can not be precisely discussed here. However, it 

should be expressed as a step-like function from the present observational results of albedo and net radia-

-23-



tion. 

0.20.----------------, 

August and St."(1tcmtx( 1981 
bare hanlu fv."l.1n sl)d,T!>llkui:H'&.JAPAN 

0.1& 

0.12 

§ D.IU 

:J ..: 
008 . 

0.0(, 

0.04 

0.02 

0.32,,---------, 

---""'----... 
U.2& Idso 01 .1.(1975) '\ L 

0.24 

0.20· 

0.16 

\'. 
\. 
~-;:,.,-

0.120:-~-O~.OS~-,O;:-';.lb.,...--'-~U.2:..,-4 ~-::-'O.32' 

o~~_~~~ __ ~~~--~~~_~. 
0.20 0.26 032 0.38 0.44 

VOLUMETRIC SOIL WATER CONTENT (l1l'm .,) 

Figure 3.3.1 Relation between the albedo of bare soil surface and volumetric 
soil water content measured at 0.02 m depth in soil during the 
first observation period. 

Agstrom(1925) has suggested the following relation between bare soil surface albedo and wetness of 

soil. 

(3.3.1) 

where Awet and Adry are the albedo of wet and dry soil in m3rn -3 and nw is the index of refraction of 

water, usually taken as 1.33. The albedo when volumetric soil water content i's in the range of 

0.22-0.25 rn3m-3 during the first observation period was considered to be that of dry surface. The al

bedo 0.15-0.14 was used as an input for the equation (3.3.1). Then the albedo of wet soil state can be 

calculated as 0.09-0.084, which is almost the same value as the observed albedo value of 0.09-0.08 

when the soil was considered to be wet, i.e., when the Ow2 was from 0.29 m3m-3 to 0.44 m3m-3. The 

equation (3.3.1) suggested by Angstorm (1925) is reliable to estimate the soil surface albedo from the 

albove results. But the soil condition is not flIlly classified, more detailed soil moisture condition must 

be adopted. 

Figure 3.3.2 shows the variation of the soil moisture and soil surface albedo during the second obser

vation period. When the soil moisture was more than 0.3 m3m-3 at 0.01 m depth, the albedo of soiJ sur

face was about 0.1. When the soil moisture at the depth of 0.01 m decreased to the value of 0·.2 rn3m- 3 

or less, the soH surface a[bedo increased to 0.2. 

Figu.res 3.3.3 and 3.3.4 show the diurnal variation of soil moisture and soH, surface albedo. In 

Figure 3.3.3, when the soil moisture decreased from 0.3 m3m- 3 to 0.2 m3m-3, the soi[ surface albedo in

creased froID'O.l to O~2. On the other hand, the soil surface a1llbedo nearly stayed constant when the soii 

moisture decreased' from 0.2 to 0.1 as shown in Figure 3.3..4. Figure 3.3.5 represents. the similar step

Eke function: between the soil moisture and soil surface a~ibedo to. the first observation result. In the se

c'0Iia ob.serva,ti0n resuLts, the critical points of Variation are at higher v,alue of soil m.oisture. It is as

suifl,re'cl that tka soi'V mois1:ttre is taken at more shallow depth on the secDFld observation period than that 
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of the first observation period. 

3.4 Soil heat flux and sensible heat flux 
Figure 3.4.1 shows the relation between soil heat flux density at 0.01 m depth(G2) and 0.03 m depth 

(G1) and sensible heat flux density on the 3rd and 4th of August during the second observation period, 

which was characterized by the wet state of soil. The relation between soil heat flux of 0.01 m depth 

and sensible heat flux at the 0.45 m height from the ground surface can be given as; 

He = 15.38 + 1.058 G2, r = 0.92 (3.4.1) 

Also the relation between soil heat flux density of 0.03 m depth and sensible heat flux density at the 0.45 

m height from the ground surface can be expressed as; 

He = 16.9 + 0.969 G1, r = 0.95 (3.4.2) 

The slope, interception and correlation coefficient are almost the same for equation (3.4.1) and (3.4.2). 

The daily maximum of soil heat flux was about 100 Wm- 2 at two depths. These results indicate there 

is an appearance of thermally non-homogeneous soil layer i.e., quasi insulated layer between the soil sur

face and 0.03 m depth which is affected by the change of soil wetness. 

Figure 3.4.2 shows the relationship between the soil heat flux and sensible heat flux during the se

cond observation period on dry state of soil. The relation between the soil heat flux density of 0.01 m 

depth and that of 0.03 m depth and sensible heat flux density of 0.45 m height can be expressed respec

tivelyas; 

He = 7.92 + 0.949 G2, r = 0.97 

He = 20.75 + 0.992 Gl, r = 0.98 

(3.4.3) 

~3.4.4) 

Figure 3.4.2, equation (3.4.3) and (3.4.4), show that the slopes of relation curve are almost the same but 

the difference of interceptions is very large. Hence, Ene G1 tsoil heat flux of 0.03 m depth) looks 
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Figure 3.4.2 The same as the Figure 3.4.1, but for August 7 -8,1983. 

parallel to line G2, shifted 20 Wm- 2 towards the left. 

Figure 3.4.3 shows the relation between soii heat flux density at O.lm depth and sensible heat flux 

density at 0.45 m height. Open circles represent the value observed under dry condition (i.e., for Au

gust 3 to 4) and cross symbols represent the value observed under wet condition (i.e., August 7 to 8). A 

hysteresis can be noticed in Figure 3.4.3. In another word, relation between GlO and He in the morning 

is different from that in the afternoon. This is due to the time lag of soil heat flux at O.lm depth. The 

soil heat flux in dry soil and in wet soil shows the same pattern. The range of time lag becomes smaUer 

as the soil gets wetter. In spite of the difference in the maximum value of sensible heat for different 
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soil wetness, the maximum value of soil heat flux density is nearly the same. 

3.5 Ratio Rn/I and soil moisture 
It was examined how the wetness of soil affects the net radiation flux which is sometimes estimated 

from the solar radiative heat flux density. Figure 3.5.1 shows the relation between solar radiative heat 

flux density and net radiative heat flux density for the clear day of the first observation period. The cor

relation becomes higher when the data were classified based on the conditions of soil (r=0.99). The ex

perimental formulae for each condition of soil moisture are as follows; 

Rn = -1.4 + 0.61 I, r = 0.99, 0.22 ~ Ow ~ 0.25 

Rn = -2.0 + 0.75 I, r = 0.99, 0.30 ~ Ow ~ 0.44 

(3.5.1) 

(3.5.2) 

where Ow is the volumetric soil water content of soil at the 0.02 m depth, and Rn, I are the net radiation 

and solar insolation, respectively. 

The steeper slope for wet soil (0.75) as compared with that for dry soil (0.61) is due to the change of 

soil surface temperature and albedo in response to the wetness of soil moisture. 

3.6 Drying process of soil moisture 
Drying process of soil moisture from saturated equiEbrium state is investigated in this subsection. 

In Figure 3,.6.1, dotted lines, solied lines and closed circles indicate the time variations of the volumetric 

soU water contents at 0.01 m and 0.04 m depth and the difference between them, respectively. Soil 

moisture increases and/or decreases periodically within a day. The differences of soil moisture be

tweeFl two depths from 3 to 12 August are extremely large during the second observation period (Figure 

3.6.2). The phase of volumetric soil water content variation is nearly consistent with that of soil temper

ature variation when the soil was wet on 3rd to 6th of August, 1983 in Figure 3.6.7. But the phase 

difference between the volumetric soil water content and the soiL temperature variatioFl illcreased as, the 
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Figure 3.6.1 Daily variations of soil moisture and differences at two depths of 
0.01 m and 0.04 m during August 3 12, 1983. 

soil became dryer. Similarly, the phase difference is noticeable between soil moisture variations of 0.01 

m and 0.04 m depth. The difference between volumetric soil water contents at 0.01 m and 0.04 ill 

depth came up to maximum at around 15-16 hour which was the time when the soil moisture at 0.01 ill 

became minimum. There is negative correlation between the difference and the volumetric soil water 

content at 0.01 m. On the other hand, it indicates a positive correlation between the difference of soil 

moisture and the volumetric soil water content at 0.04 m depth. Above results also represent the 

presence of the thermally insulated soil layer. 

The volumetric soil water contents at depth of 0.01 m reveals the maximum value at 6-7 hour and 

the minimum value at 14 -15 hour (Figure 3.6.3). On the other hand, the soil moisture at 0.04 m depth 
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Figure 3.6.3 Diurnal variations of soil moisture at the depth of 0.01 m for 3 to 
8 August, 1983. 

reveals the maximum value at 10-12 hour and the minimum value at 19-20 hour (Figure 3.6.4). The 

soil moisture gradually decreases with time. 

Figure 3.6.5 indicates the changing rate of soil moisture in an hour at 0.01 m depth. The positive 

and negative values of changing rate reveal the increment and decrement of soil moisture at that depth 

in an hour, respectively. 

For 3 to 10 August, those figures reveal the pattern of gradual decrease of soil moisture duri®g the 

daytime from the value of -0.014 m3m- 3h- 1 to -0.01 m3m- 3h-1, and pattern of increase during night

time from the value of 0.004 m3m- 3h- 1 to 0.007 m3m- 3h- 1. This means that there wa's deficiellcy of 

soil moisture at 0.01 m depth through the drying stage of soii moisture. 

In Figure 3.6.6, the decreasing rates at 0.04 m depth duriIotg daytime varies from the value of 

-0.007 m3m-3h- 1 to -0.006 m3m-3h- 1 for 3 to 10, August, 1983. On the other halld, the rates of in

crement increased sharply during nighttime from 0.003 m3m- 3h- 1 to 0.008 m3m- 3h-1 . This means 

there was supply of soH moisture from the lower to the upper part of soil layer at 0.04 m depth. 
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Figure 3.6.5 Daily variation of changing rates of the soil moisture at 0.01 m 
depth for 3 to 14, August, 1983. 

The above findings and discussion can be summarized as follows. 

(1) The volumetric soil water content at 0.01 m depth rapidly decreased as the soil temperature in

creased. 

(2) Soil moisture at 0.04 m depth decreased slowly as the soil temperature increased. 

(3) By the relationship (1) and (2), the difference between soil moisture at two depths became larger. 

We define this state as the forced evaporation stage. 

(4) After sunset, the moisture flux from 0.04 m depth to 0.01 m depth exceeds the evaporation at sur

face. We also define this state as the soil moisture restore stage. 

Figure 3.6.7 indicates the daily variations of soil temperature at each depth. Diurnal maximum soil 

temperatures at each depth decrease with increasing of soil moisture. In the Figure 3.6.7, diurnal maxi

mum temperatures at O.OOlm depth are larger than that of 0.05m or lower depth. From the above ob

servation results, there is some what thermally different layer above and below of 0.02m depth. So we 
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Figure 3.6.7 Daily variations of soil temperature at each depth at the second 
observation period. 

call the soil surface layer to quasi insulated soil layer. 

3.7 Energy balance components and soil moisture 

To examine the effect of soil moisture on the energy balance and redistribution of solar energy on 

the bare soH sl1rface, we suggest the use of the £ollowing parameters. 

The equation (1.1.1) can be rewritten as follows; 

Ln J Sn = 1 - Rn I Sn 
= 1 - (H + lE + G) / Sn 

Sn = Sd - Su 
Ln ::;:: Ld - Lu 

(3.7.1) 

(3.7.2) 

(3.7.3) 

where Sn and Ln indicate the net short wav,e radiation and net long wave radiation, respectively. The 
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net short wave radiation and net long wave radiation are precisely denoted by Kotoda (1986). 

HI = Ln I Sn 

Hz = (H + IE + G) / Sn 

HI + H2 = 1 

Hr = HI / H2, 0 ~ Hr ~ 1 

(3.7.4) 

(3.7.5) 

(3.7.6) 

(3.7.7) 

where Hl is the ratio of long 'Nave radiation to the net short Vi'ave radiation. Hz is the ratio of summa

tion of sensible heat energy, latent heat energy and soil heat energy to the net short wave radiation. 

Parameter Hr represents the ratio of HI and H2. We define HI and H2 as the radiative heat flux term 

and thermoand aerodynamic heat flux term, respectively. Consequently, the parameter Hr indicates the 

proportion of radiative heat flux term to the thermo-and aero-dynamic heat flux term in the energy 

balance. 

In Chapter 2, a decreasing tendency of net radiation during the drying stage of soil moisture was ob

served (Figure 2.6.1). It is generally said that increase of the soil surface albedo causes the decrease of 

the net radiation. However, the net radiation is also a function of the soil surface temperature, and of in

coming radiation components, we have to discuss them as well. 

Figure 3.7.1 illustrates the variations of ratio Rn/Sn and of volumetric soil water content from 3 to 10 

August, 1983. In the wet state of soil moisture from 3 to 5 August, the ratio of Rn/Sn was around 0.9 to 

0.99. The ratio decreased down to 0.7 -0.8 during 5 to 10 August when the soil m.oisture was below 

the value of 0.2 m3m -3. Thus, the Rn/Sn ratio is very large when the value of soil n10isture is greater 

than 0.2 m3m- 3 at depth of 0.01 m. While the ratio gets smaller with decrease of soil moisture. 

The ratio of H/Sn varied with soil moisture from 0.1 to 0.2 in the same duration. It shows the small 

increment of value of H/Sn with decreasing of soil moisture. This indicates that the absolute value of 

sensible heat energy is not large. However, the role of soil moisture on the sensible heat energy is large 

(Figure 3.7.2). 

The ratio GO/Sn shows a similar variation to the ratio of H/Sn. Figure 3.7.3 indicates the daily varia

tion of the value of GO/Sn during 3 to 10 August, 1983. The value of ratio varies from 0.1 to 0.22 with 
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Figure 3.7.1 Daily variation of the ratio Rn/Sn and soil moisture from 3 to 10 
August, 1983. Line and closed rectangle indicate the soil moisture 

and ratio Rn/SIl , respectively. 
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Figure 3.7.3 Daily variation of the ratio of GO/Sn and soil moisture from 3 to 
10 August, 1983. Line and closed rectangle indicate the soil 
moisture and ratio GO/Sn, respectively. 

decrease of the soil moisture. It can be said that the soil temperature gradient and soil thermal conduc

tivity are compensated to each other. 

Figure 3.7.4 illustrates the variations of the ratio IE/Sn and of soil moisture. The ratio IE/Sn varies 

with soil moisture from 0.6 at wet condition to 0.3 at dry state of soil moisture. This portion of latent 

heat flux on the energy balance is larger than other components. 

The ratio Ln/Sn gradually increased from 0.1 to 0.35 with decrease of soil moisture. It reveals both 

increase of soil surface temperature and .albedo with decrease of soil moisture (Figure 3.7.5). 

The Bowen ratio (B) which is widely used to estimate the evaporation is defined by 

B = H/lE (3.7.8) 
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10 August, 1983. Line and closed rectangle indicate the soil 
moisture and ratio IE/H, respectively. 

To allow an easy comparison with the soil moisture variation, we use the inverse of Bowen ratio in 

this study. Figure 3.7.6 illustrates the variation of the inverse of Bowen ratio IE/H and soil moisture. 

It reveals a good correlation between the 1/£ and soil moisture. The va,lues of l/B vary from 5 to 2 

with drying of soil moisture. 

Figure 3.7.7 represents the relationship between the inverse of Bowen ratio and volumetric soil 

water content during the second observation period. It reveals a good positive correlation between 

them. 

Figure 3.7.8 indicate the variation of the parameter Hr and soil moisture on 3 to 10 August, 1983. 

The values increased from 0.1 to 0.5 with the decrease of soil moisture. This means that the net solar 

energy mainly transformed into sensible heat flux, latent heat flux and soil heat flux at wet state of soil 

moisture. On the other hand, the net solar energy onto the soi;l surface Sn is mainly changed into the 
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radiative heat flux term, i.e., upward long wave radiation at dry state of soil on 8 to 9 August. The 

value of Hr increases with decrease of soil moisture. 

The relationship between the parameter Hr and volumetric soil water content are presented in 

Figure 3.7.9. It reveals the negative correlation. 
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Figure 3.7.9 The parameter Hr versus soil moisture 
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CHAPTER 4 

NUMERICAL EXPERIMENTS ON THE SOIL THERMAL 

CONDUCTIVITY OF KANTO LOAM 

4.1 Finite difference equations 

To investigate the effect of soil moisture which is related to the change of soil temperature, the 

differential equation for heat conduction was solved in the following. When it is assumed that there is 

no advection and conduction in the horizontal direction, the time change of the soil temperature can be 

expressed by 

(4.1.1) 

where Ks is the soil thermal diffusivity, A is the soil thermal conductivity, and C(z) is the heat capacity 

of soil. The general formula of the diHerence equation suggested by Richtmyer and Morton (1967) can 

be written as: 

Tlil+l-Tln _ U [3 (aoT)J1IT+ 1+(1 - O)[o(aoTHll 
M - (11z)2 (4.1.2) 

where a(n+l) =a(n) = Ks and 0 = 1/2 were set, namely, Crank Niccolson Scheme was used. Then 

the equation becomes: 

(4.1.3) 

where n, m are numbers of time and depth direction in the grid numbers. Here the increasing 

amount of calculating depth is fixed as follows (Table 2). 

Table 2 Depth and thickness of the soil layers used In the numerical experiments 

LAYER DEPTH THICKNESS LAYER DEPTH THICKNESS 
NO (m) (m) NO (m) (m) 

1 0.0 0.012 11 0.216 0.038 
2 0.012 0.013 12 0.254 0.043 
3 0.025 0.015 13 0.298 0.048 
4 0.041 0.017 14 0.346 0.054 
5 0.058 0.019 15 0.401 0.061 
6 0.077 0.021 16 0.462 0.068 
7 0.099 0.024 17 0.53 0.077 
8 0.123 0.027 18 0.608 0.086 
9 0.151 0.03 19 0.694 0.097 
10 0.181 0.034 20 0.791 0.108 

21 0.9 0.122 
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log Zj = O.05i, i = 1, 2, 3, ....... M 

Zi = 10.0o.osi -1 

.6.Zi = Zi+l-Zj (4.1.4) 

Here we put the Q'(z) = az*.6.T / .6.2, .6.Tn11 = Tm+d2 - Tm-d2 into the equation (4.1.3). It can be ar

ranged as: 

- Q'm+.!T,;;ti +(2 +Q'tn+.! +Q'm-.!)T~+l-Q'tn-.!Tl~:t = 
2 2 2' 2 

(4.1.5) 

When m which is from m = 1 to M is introduced into the equation (4.1.5), it will be: 

for m = 1, 

{2 + (Q'% + Q'%)}Tt+ 1 - Q'2T£+1 = Q'~T2n + {2-(Q'~ + Q'~)}Tt 
m = 2, 

-Q'~Tt+l + (2+Q'~+Q'~)T£+1_Q'3T3n+1 = Q'~Tln + {2-(Q'~+Q'~)}T2n + (X~T3r 
2 22 2 22 2 

m = 3, 

_Q'~Tn+l + (2+Q'Z+Q'~)Tn+l_Q' Tn+l=Q'~Tn + {2-(Q'Z + Q'~)}Tn + Q'ZTl1 
22 22 3 44 22 22 3 2 4 

m = 4, 

-Q'~T!/+ + (2+Q'~+Q'pT4n+l_Q'sT5n+l=Q'~T3' + {2-(Q'~+Q'pT4' + Q'~T51 
m = M-1, 

- 3Tn+l + (2+ 1 + 3)Tn+l - lTn + {2-( 1 +. 3)}Trl + 3Tn Q'M-2 M-2 Q'M- z Q'M- 2 M-l - Q'M-2 M Q'M-2 aM- 2 M-1 Q'M+z M-2 

n1 = M, 
- ITn+l+(2+ 1+ 1)T11+1-{2-( 1+ l)}Trl+. ITn Q'M-2 M-1 Q'M+z Q'M-z M - aM +z Q'M-z M Q'M-2 M-2 

(4.1.6) 

When the above equation is converted to a tridiagonal matrix form, the equatioR will be: 

-a2 

2+a.:?+a~ 
2 2 

-Q'.:? 
2 

-Q'3 

2+a7: + Q'.:? -(X4 
2 2 

- Q'Z 2 + Q'~+ Q'Z 
222 
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2 +aM+.! + Q'M-~ 
2 2 

-Q'M-~ 

T n+1 
1 

T n + 1 
2 

T n + 1 
3 

T n + 1 
4 

T n + 1 
M-l 

T n + 1 
M 

~4.1.7) 



where the equation (4.1.7) can be solved by Gauss-Seidel Elimination Method. 

4.2 Initial and boundary conditions 
Soil surface layer temperature observed at 0.001 m depth for every hour was used for the upper 

boundary condition. The boundary condition is specified in terms of the Fast Fourier Transform(FFT). 

L 

T(o,1) = ~o + 2: [Ancos (n;rt) + Bnsin (mrf)] 
n=l 

L 

An = f S T o(t)cos(niTt) dt 
-L 

L 

Bn = f f To(t)sin(niTf) dt 
-L 

(4.2.1) 

(4.2.1a) 

(4.2.1b) 

where L = 108. The result of FFT of the surface temperature during the whole calculation is 

shown in Figure 4.2.1. The lower boundary condition on the basis of the observed value is set as: 

T(M,t) = 25.0 (4.2.2) 

The initial condition is fixed as: 

T(z(i),O) = 20.7 + «4.3/(Z(M) - z(i))*z(i), (4.2.3) 

i = 1,2, ........ , M-l. 

4.3 Estimation of soil thermal conductivity 

The equation which revea'ls the relation between the volumetric soil water content and soil thermal 

conductivity was formulated as the following. The value was read on coordinates from Figure 4.3.1. 

Namely, the equation of soil thermal conductivity of loam (porosity, 0.41) suggested by Kimball et a1. 

(1976) is expressed as follow: 

Aki(z,t) = 4.038 Ow(z,t) + 0.865 (4.3.1) 

And of peat soil(porosity, 0.8) suggested by Kersten (1949) can be expressed as: 

Ake(z,t) = 0.509 fJw(z,t) + 0.033 (4.3.2) 

where Aki, Ake mean the soil thermal conductivity for loam and peat, respectively, and Ow the volumet

ric soil water content. The volumetric soil water content used here was estimated in Chapter 3.1 as 

Figure 3.1.1. 

The changing pattern of the soil thermal conductivity as a function of time is shown in Figure 4.3.2 

and Figure 4.3.3. Figure 4.3.2 shows the change of soil thermal conductivity of loam which is derived 

from the equation (4.3.1) near the soil surface. As in Figure 4.3.2, thermal conductivity decreases as 

the decrease of volumetric soil water content near the soil surface so that it shows about 0.5 - 1.5 

Wm-1K-l. As the depth of soil becomes deeper, the decrease of the gradient becomes gentle so it 

shows 1.3 - 1.8 Wm-1K-l at O.lm depth. 

Also Figure 4.3.3 is the result derived from the equation (4.3.2). Even the soil thermal conductivity 
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Figure 4.2.1 Variation of surface soil layer temperature interpolated by the 
Fast Fourier Transform. 
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Figure 4.3.1. Thermal conductivity ). of four types of soils as functions of 
volumetric soil water content {jw (referred from Brutsaert, 1981); 
Curve 1 represents laboratory results on a quartz sand (Porosity 
0.43) obtained by De Vries (1963); Curve 2 represents laboratory 
data on a sand loam (porosity 0.38) of Moench and Evans 
(1970); Curve 3 is the median line through field data on a loam 
(mean porosity 0.41) from Kimball et a1. (1976); Curve 4 
represents laboratory data on a peat soil (porosity around 0.8) 
from Kersten (1949). 
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Figure 4.3.2 Estimated thermal conductivity ,{ki (porosity 0.41) at surface layer 
(1st layer), 0.058m depth (5th layer), 0.099 m depth (7th layer). 
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Figure 4.3.3 The same as the Figure 4.3.2 but for the I.kc of peat soil (porosity 
0.8). 

decreases as the soil moisture decreases near the surface, the heat conductivity in loam which is about 

0.1 - 0.22 Wm-1k- 1 is five or six times larger than that in peat soil. 

4.4 Estimation of soil thermal diffusivity 

It has been studied about diffusivity of sensible heat flux density and latent heat flux density within 

the surface boundary layer in detail (Yaglom, 1977; O'Brien, 1970). On the other hand, soil thermal 

diffusion coefficient is approximately considered as constant on a function of depth and time since it is 

regarded that the soil moisture is constant and soil heat flux density is not so big as sensible heat flux 

density, latent heat flux density and radiation flux density in atmosphere. However, it has to be treated 

as a variable of depth and time when it changes as a function of time and space as in this paper. There

fore, soil thermal diffusion coefficient was obtained by the following calculation; 

Ks(z,t) = J..IC s, 

A = J..(ow,z,t) 

C s = Cs(Uw,z,t) (4.4.1) 

where Cs is the volumetric soil thermal capacity. A knowledge of the volume fractions of mineral 

soil, On» organic matter Oe, volumetric soil water content Ow, and fraction of air Oa, allows the determina

tion of the volumetric soil thermal capacity as follows (Brutsaert, 1981) 

Cs = Pm Om Cm + Pc Oe Ce + Pw Ow Cw + Pa Oa Ca (4.4.2) 

where the c terms are the specific heats and the p terms the densities as indicated by the subs

cripts. De Vries (1963) suggests the volumetric soil thermal capacity in (Wm- 3K- 1sec) as follows 

Cs = (1.94 Om + 2.50 Oc + 4.19 Ow) x 106 (4.4.3) 

The fraction of organic matter was 0.01, and the volumetric soil water content estimated from equa

tion (3.1.5) was used. The fraction of soil mineral on the Kanto loam was reported as 0.3 by Shimada et 

al. (1992), and 0.2 by Tanaka {1980} and Hwang (1989). In this study, the volume fraction of solid soH 
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was adopted as 0.2. 

Figure 4.4.1 shows the variation of soil thermal diffusion coefficient calculated by introducing the 

equation of Kimball et a1. (1976) (Aki will stand for this equation afterwards). In Figure 4.4.2, Ker

sten(1949) equation (Ake will stand for this equation afterwards) was introduced into the Equation 4.4.1. 

The soil thermal diffusion coefficient near the surface has approximately the range of 7.5*10- 7 - 9* 

10- 7 m2sec- 1 and it is decreasing as time passes with diurnal change. It even decreases at 0.06m depth 

and maintains almost constant value of 9*10- 7 m2sec- 1 at O.lm depth. It is fixed to the extent of 1.3* 

10- 7 m2sec- 1 near the surface through the whole calculation period and is somewhat decreasing as time 

passes in Figure 4.4.2. 

Figure 4.4.3 and Figure 4.4.4 illustrate the soil thermal diffusion coefficients at 6 hour and 14 hour 

which are the daily minimum and maximum soil temperature respectively as a function of depth. Diffu

sion coefficients were obtained by Figure 4.4.3 and Figure 4.4.4. It is decreasing near the surface as 

soil moisture decreases in Figure 4.4.3, and also it shows the decreasing pattern as in Figure 4.4.4. 

lot UYrn 

AUGUST. 1 9 8 3 

Figure 4.4.1 Estimated soil thermal diffusivity Ks of loam (porosity 0.41). Each 
depth are the same as the Figure 4.3.3. 
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Figure 4.4.2 The same as the Figure 4.4.1, but for peat soil (porosity 0.8). 
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Figure 4.4.3 Profiles of estimated soil thermal diffusivity of loam (porosity 
0.41) on 6 hour and, 18 hour 3 -12 August 1983. 
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Figure 4.4.4 The same as the Figure 4.4.3, but for the peat soil (porosity 0.8). 

4.5 Comparison between the calculated and observed soil temperature 

To investigate the effect of soil moisture which has influenced on the soil temperature which varies 

in time and depth, numerical experiments on the soil temperature were carried out with the interval of 

600 second from 6 hour of August 3rd (starting time; 6 hour) to 6 hour of August 12th (ending time; 222 

hour) by using the difference equation. Daily variation of the calculated soil temperature is illustrated 

from 6 hour of August 8th to 6 hour of August 9th in Figure 4.5.1 and in Figure 4.5.2. Figure 4.5.1 and 

4.5.2 are the result of using AKi and AKe, respectively. When the soil surface temperature changes from 

about 21"C to 62"C, the soil temperature of a function of time varies with depth from the surface to 0.5 

m depth. But there is no variation underneath the depth, which is accord to the real observation value 

in Figure 4.5.3. In spite of the same surface temperature, there is no soil temperature variation using 

the soil conductivity AKe from 0.2 m depth and temperature profile is a lot different from the observed 

value. Figure 4.5.4 illustrates the time change of the calculated soil temperature at 0.058 m depth 

through whole calculation period. To compare with this, the observed value at 0.05 m depth is illustrat

ed at the sam.e time in curve 1. Curve 2 and 3 ih the Figure 4.5.4 are the time change of the calculated 

value of the soil temperature that is referred the heat conductivity AKi and AKe, respectively. Figure 
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Figure 4.5.1 Calculated Tautochrones of loam on 8 August 1983 
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Figure 4.5.2 Calculated Tautochrones of peat soil on 8 August 1983. 
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Figure 4.5.3 Observed Tautochrones of Kanto loam (porosity 0.8) on 8 August 
1983. 
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Figure 4.5.4 Variations of soil temperature observed at 0.05 m depth and 
calculated at 0.058 m depth through 3-12 August 1983. 
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Figure 4.5.5 Variations of soi1 tem.perature observed at 0.07 m depth and 
calculated at 0.077 m depth through 3-12 August 1983. 

4.5.5 also shows the time variation of observed and calculated soil temperature. The line 1 illustrates 

the observed soil temperature at the depth of 0.07 m, and line 2 and 3 show the calculated soil tempera

t1.1re at the 0.077 m of calculating depth using the soil thermal conductivity ,{Ki and he which referred 

from the Figure 4_3.1, respectively. 

As shown in the Figure 4.5.4 and Figure 4.5.5, the cakulated soill temperature using the hi is closer 

to the observed value than that of using the ,{Ke' The calcu~ated temperature of curve 2 and the ob

served one well coincide with each other when the daily minimum soil temperature appears. In the case 

of daytime, the tendency of variation and relative value of soH temperature show good coincidence with 

observed value. By the way, the calculated value of soil temperature is under estimated at the begin

ning of the calculation, namely, the wet state of soil. On the other hand, it is over estimated at the dry 

state of soil. The difference between the calculated and observed value may be come about by the soil 

thermal conductivity and diffusivity which are estimated from soil m"oisture profi~e. It means that the 

estimation of soil moisture profile by usin~ the logarithmic distribution is not complete yet. 

4.6. Discussion on the results of the numerica1 experiments 
For the estimation of soH temperature variatioR by the lise of numerical simu~ation, the soil thermal 

conductivity and diffusivity in the equation 4.4.1 must be taken as a variable of depth and time. But 
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many of researches studied about the soil temperature dealt the soil thermal conductivity and diffusivity 

as a constant. 

In this stlldy, the soil thermal conductivity and diffusivity are taken into numerical experiment as a 

function of soil moisture which varied with depth and time, and which are interpolated by use of Fast 

Fourier Transform. Especially, the soil moisture are assumed to be a logarithmic distribution with 

depth, namely, the soil moisture is logarithmically decreased with depth in the soil. 

This conception means that the uppermost part of soil layer has a little soil moisture and has a 

characteristic of quasi insulated layer which shows low thermal conductivity. 

The followings have been perceived by the result of the numerical experiments on soil temperature: 

1) It is considerably valid for the numerical experiments on soil temperature that the distribution of soil 

moisture is assumed to be a logarithmic profile by the comparison with the observed data. 

2) The heat conductivity of Kanto loam is comparable to the value of loam with 0.41 porosity rather than 

to the value of peat soil with 0.8 porosity. Hence, the heat conductivity of the studied area is close to 

A(z,t) = 4.0380 (Jw(z,t) + 0.865 Wm-1K-l. 

3) Soil thermal diffusivity of study area of Kanto loam are the range of 7.5x10-7 - 9x10- 7 m2sec- 1. 
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CHAPTER 5 

CONCLUSIONS 
The effect of soil moisture on the energy balance at the surface of a bare soil and on soil temperature 

was investigated by means of field observations and numerical experiments. The principal findings on 

the mechanisms through which the soil temperature and energy balance are influenced by the daily soil 

moisture variation are as follows. 

Consider a state of a bare soil surface initially saturated by precipitation. As the precipitation 

ceases, the soil moisture in the upper most part of the soil layer will be evaporated by the radiative heat 

energy, which is thus mainly transformed into latent heat flux. As time proceeds, the evaporating 

moisture will playa major role in determination the surface temperature. We may classify the controll

ing mechanisms into two parts, namely, those acting during daytime and those acting during nighttime. 

First of all, the mechanisms controlling daytime energy balance may be described as follows; 

(A) The soil moisture in the uppermost part of soil layer can be expected to be vigorously evaporat

ed by the radiative heating energy (mainly solar insolation energy). 

(B) In response to the drying of the soil layer by the process described in (A), an increase in the al

bedo of the soil, a decrease of the soil thermal conductivity and a decrease of the soil heat 

capacity take place. 

( C) The quasi insulated soil layer becomes evident in the uppermost part of the soil with a depth of 

about 0.01 m by the effect of the decreasing the soil thermal conductivity. 

(D) A geo-thermocline, which is situated under the quasi insulated soil layer, becomes established 

at a depth of about 0.01-0.02 m. 

This process results in a steeper gradient of surface soil temperature just below this layer. As a 

result, the heat flux into the soil increases. It also results in an increase of the ratio of G/Rn (soil heat 

flux / net radiation). Similarly, the steeper air temperature gradient near the soil surface contributes to 

the formation of unstable stratification of lower atmospheric layer. 

In the second place, the night time mechanisms can be described as follows; 

( E) The evaporating process of soil moisture is weakened at nighttime. Within one to two hours 

after sunset, the quasi insulated layer disappears by the supply of ,moisture from the lower lay

ers. 

( F) As time goes on, the daytime soil moisture loss of the uppermost part is eventually at least par

tially' compensated by the supply of moisture from the lower soil layers. 

( G) As a result of (F), an increase in the heat capacity and in the thermal conductivity of the soil 

can be expected, and the soi~ heat diffusion coefficient increases. 

(H) As a result of (G), the quasi insulated soil layer disappears. 

( I) As a result of (H), it can be expected that the outgoing heat flux from soil layer increases aRd 

the downward sensible heat flux decreases. Consequently, the rate of GdRn (soil heat flux / 

net radiation) is bound to increase. 

From the above results and discussion, the foHowing can be concluded: 

1). There is a low heat conducting layer near the soil surface under dry conditions in the study area 

of Kanto loam. This layer can be defined as a quasi insulated soil layer which can be assumed to de

velop from the soil stlrface down to lower depth of about 0.01 m; this depth tend to increase with the 

drying of the soil. The qtlasi insulated soil layer reveals the following characteristics. 

(1) The volumetric soH water cORtent in the layer can be as low as 0.1 to 0.2 m3m- 3. 
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(2) It reveals high rates of change of soil temperature, and these rates may vary from 5°e h -1 to lWe 
h- 1. 

(3) The soil temperature gradient in the quasi insulated soil layer is very steep with typical value of 
5xl02 °e m-1-7xl02 °e m- l . 

2). When the soil surface in a moist state, the incident solar energy onto the bare surface is mainly 

redistributed into the thermo-and aerodynamic heat flux terms, namely, sensible heat flux, latent heat 

flux, and soil heat flux. On the other hand, it is mainly transformed into a long-wave radiative heat flux 

when the soil is dry. 

When the volumetric soil water content at 0.01 m varies from 0.35 m3m- 3 to 0.1 m3m- 3, namely, 

from a wet to a dry state, each component of the energy balance typically varies as follows. 

(1) The ratio of net radiation and net short wave radiation Rn/Sn decreases from 0.9 to 0.7. 

(2) The ratio of sensible heat flux and net short wave radiation H/Sn, and the ratio of soil heat flux at 

soil surface and net short wave radiation GO/Sn increases from 0.1 to 0.2. 

(3) The ratio of latent heat flux and net short wave radiation lE/Sn decreases from 0.6 to 0.3. 

(4) The ratio of net long wave radiation and net short wave radiation Ln/Sn increases from 0.1 to 0.3. 

(5) The ratio of latent heat flux and sensible heat flux IE/H, which is the inverse of the Bowen ratio, 

decreases from 5 to 2. 

(6) The parameter Hr which is the ratio of radiative heat flux term to the thermo- and aerodynamic 

heat flux term increases from 0.1 to 0.5. 

3). In the numerical experiments on the soil temperature variation, the soil thermal conductivity 

and diffusivity must be dealt with as functions of soil moisture which vary with depth and time. The 

profile of soil moisture can be assumed to increase logarithmically with depth from the soil surface. 

The model's output of soil temperature reveals good agreement with the observational results. This 

confirms the presence of quasi insulated soil layer in the upper most part of the soil. 
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