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ABSTRACT

A thermal inertia model and some empirical models for

determining soil moisture was established．　These models were

applied to airborne and spaceborne multispectrai scanner（MSS）

data to produce soil moisture maps and other thematic maps in

Various studY areaS．The results can be sumarized as follows：

1．Zt was found that the spectrai reflectance of soii surface

Varied inverseiy with soil moisture．　However，at predawn the

reflectancein the near ZR wavelength regiOn Varied directly with

SOil moisture．The relationship resembled that obtained from the

thermal　＝R spectrai regiOn．

2．　A thermal inertia model based on the heat baiance and one

dimensional heat transfer of the earth，s surface for the remote

SenSing was established by the analytic and mathematical s01ution

techniques．　This model was appropriately compared with that of

PreVious thermalinertia models．The model for determining soil

moisture，WaS developedincorporating surface reiative humidity

and heat balance terms obtained at the observation field of the

National Znstitute for Environmental Studies（N＝ES）and in the

Kujukuri coastal piain．　These models enabled estimation of the

SOil moisture for sparsely vegetated surface．　The examination of

the rati0　0f vegetation coverin the modei needs further anaiysis．
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The estimation error in the model was lesser than that of the

Other empiricai models using visible and near ZR data．　Thus，the

model can be applied to soil moisture estimation by remote

SenSing．

3．The soii moisture map using airborne MSS data obtained at

n00n Shows the details of spatial variations in soil moisture

distribution because of smallinstantaneous field of view and high

irradiance from the earth，s surface．　0n the other hand，maPS

derived from spaceborne observations can be useful for other

thematic mapping SuCh as geomorph010giCal and potential wind

erosion maps because ofiarge coverage areas．
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1．　工NTRODUCT工ON

1．1　　Purpose of this study

Remote sensing with spaceborne and airborne sensors can

Observe wide areas of the earth，s surface and getinformation with

homogeneous quality from a distancein a short period of time．

Therefore，　the techn010gy has been applied to examine

environmental p011ution and the evaluation of iand use and

natural resources（i．e．Crop production and desertification）．Soil

moisture is important for agricultural production and other

environmental factors such as air temperature，eVapOration and

albed0．

Since the1970，S，remOte SenSing techn010gy has been applied

to estimate soil moisture．　Many models estimating soii moisture

Were PrOpOSed using visible，near　＝R and thermal　＝R data，and

these models still have some ambiguities．　soil moisture maps were

not produced very much in the previous studies by overlay

Operation and computer mapping teChniques．Furthermore，autOmatic

thematic mapping based on the soil moisture maps obtained from

remote sensing data were only developed alittle．Therefore，the

PurpOSe Of this studyis to firstly establish analytically a

thermal inertia model for determination of soii moisture based on

thermal modeis on the earth，s surface；SeCOndly examine the

relationships between thermalinertia，Visible／thermai　＝R data and

SOil moisture；thirdly apply these established models to remote
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SenSing data for mapping Of soil moisture；fourthiy produce

thematic maps such as geomorph010giCal maps and potential wind

erosion maps by using soil moisture maps andland cover maps′　and

applying strendansky model．

1．2　　　Review of previous studies

Review of previous studies are arrangedin order of studies

Oni）soii moisture estimation′ii）geomorph010gical classifi－

Cation andiii）wind erosion．

i）Basic interpretations in many fields such as optical

SCience，thermodynamics，meteOr01ogy′　SOil physics and electro中

magnetism have been applied to remote sensing．　since　1970，

Various computer techniques and algorithms for processing・Of

remote sensing data have been developed．　The evaluation of soii

moisture based on airborne and spaceborne visible，thermai and

microwave data has be‾en empirically developed．　Some empirical

equations for soil moisture estimation were developed using

ParameterS SuCh as weather elements，Visible，near and thermal　＝R

data and brightness temperature or backscatter of microwaves．

Yamanaka（1949）and Yamamoto（1962）proposed an equation based on

Weather data from clear days for estimating soil moisture．

Relationships between soil moisture and spectral reflectance have

been investigated．（Bowers and Hanks，1965，Maruyama，1967；

Condit，1970；Fukuhara，1974；ldso et a1．，1974．1975a；Jackson

and Zdso，1975；Curran′1978，1979；Darch，1979；＝mamura et a1．，

1980；Utsunomiya，1981）．
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Maruyama（1967）　determined an exponentiai reiationship

between soil moisture and albed0　0f soil surface．Bowers and Hanks

（1965）　and Condit　（1970）　made laboratory experiments for

examination of relationships between soil moisture and spectral

reflectance of soil．They found that theintensity of reflectance

increased with decrease of soil moisture（SM）．

Soii moisture has been evaluated using thermal parameters

SuCh as surface temperature，SOil－air temperature difference′

rising rate of surface temperature（Ts）and thermal inertia

（Umetani，1951，Myers and Heilman，1969；Pohn et a1．，1974J Rosema′

1975；Nappo，1975；＝dso et al．′1975b，1976；ReginatO et al．′1976；

Heilman et al．′　1977，1982；　Price′　1977，1980，1982，1985；

Gillespie and Kahle，1977；Schmugge et a1．，1978；Huntley．1978；

Pratt and Ellyett，1978，1979；Viellefosse and Favard．1979；

Zhang，1980；Soer．1980；Carlson et a1．．1981；McCumber et a1．，

1981；Watson，1971，1975，1982；Jackson．S．D．，1982；VIcek and

King，1983；　Kahle，1977；　Kahle et a1．，1976，1984′　1985；

Abdellaoui et a1．，1986；　Utsunomiya and Yamaguchi，1986，1987；

Utsunomiya，1980，1982，1984．1988，Flores et a1．．1987；Wetzel

and W00dward．1984，1987；H0．1987；Matthias et a1．，1987）．

Some investigators examined the relationships between

parameters such as surface temperature（Ts），dailY difference

between air temperature and Ts and soil moisture．　＝n the early

StageS Of the examination′　these relationships were evaluated by

using advantageous datai．e．′　high temperature data withlow SM

andlow temperature data with high SMin order to try t0　0btain

good correlation．
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Prediction models for determining soil moisture based on

Climat010giCal and water balance theory have been proposed t0

0btain the geographical distribution and seasonal change of soil

moisture．Nevertheless，these approaches neglected theinfluence

Of micro－tOPOgraphy on the soil moisture regime in cultivated

fields．

Estimation parameters such as Ts and diurnal amplitude of Ts

have been examined．　However．the soil temperature immediately

below the soil surface instead of real surface temperature was

used as a parameterin the previous studies，because there were no

thermai　＝R radiometers before the1970′S．

The difference between Ts and air temperature has aiso been

used to estimate soii moisture（Zdso et a1．，1975b；Reginato et

al・．1976）．　Zhang（1980）obtained soil moisture by subtracting the

minimum values（Tsmin）from the maximum values（Tsmax）of the

Surface temperature（Ts）and dividing the result by the surrunation

Of Tsmin and Tsmax．　This overall result was then muitiplied by

a weighting function of soii moisture estimation which can be

adjusted seasonally．　Soil moisture and evapotranspiration have

also beeninvestigated using both visible and thermal　＝R data

（Kanemasu et al．′1977；Heilman et al．′1977）．　These parameters

Change with time and seasons，therefore，these models areless

applicabie．　The inadequate parts of these models have been

improved byintroducing parameters such as the rising rate of Ts

normalized by net radiation（Utsunomiya，1982）．　The model is

Stiliinfluenced by seasonal changes．
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＝n these circumStanCeS，a Parameter SuCh as thermaiinertia

thatisn，t seasonallyinfluenced，has been examined for determin－

ing soil moisture and evapotranspiration（Watson．1971，1975，

1982；　Pohn et a1．，1974；Rosema，1975；　＝dso et a1．，1976；

Giilespie and Kahie，1977；Huntiey．1978；Pratt and Ellyett，

1978．1979；Price，1980，1982；Carlson et al．′1981；Utsunomiya and

Yamaguchi，1986．1987；Utsunomiya，1988）．

Concerning thermal inertia　（T＝），　there have been two

different approachesin acquiring the data．0neis theiterative

Calculation method by Rosema and his coworker（Rosema，1975；

Price，1980．1982，Dajaces et－a1．．1979）．　The other an analytical

approach by Watson and his coworker（Watson．1975，1982，Huntley′

1978；Pohn′1974．Pratt and Eilyett，1979）．　tn the iterative

Calculation of the simulation methods，heat balance and heat

transfer equations were soived repeatedly for various sets of

albedo′　Surface roughness，Surface humidity，thermai conductivity′

and surface temperature．Furthermore，the surface relative

humidityis sometimes assumed to be saturated．　Watson（1971，1975，

1982）tried to theoretically evaluate thermalinertia based on a

One－dimensional heat transfer model．Nevertheless，his procedure

Still included some iterative solution methods for the

determination of some parameters．＝n some approaches based on a

heat balance model，SOme heat balance terms were exciuded．For

exampie，thelatent heat flux was assumed to be zero because of n0

1atent heat fiux in an arid and semi－arid area（Kahle et a1．．

1984）．Price，s modei excluded soil heat flux．because of no net
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heating or cooling of the earth over a　24－hour period by time

averaging（Price，1980）．

Evenin1985，Price evaluated apparent thermalinertia（ATl）

assuming the ATZ as a function of other variables such as net

radiation，Surface temperature．501ar constant，atmOSPheric

transmittance and ground heat flux．　His evaluation of ATZ was not

based on a physical and mathematical s01ution，but on aiteration

method．

Recently′　Ho（1987）proposed a soil thermal model relating to

SOil heat fiux．　However′　heat balance terms were obtained from

regression analyses．

As above，in previous models based on both of theiterative

Calcuiation and anaiyticai approaches，regreSSion analyses were

SOmetimes appiied to evaluate the value oflatent heat fiux or

SenSibie heat fiux（Price，1977，1980，1982；Watson．1975．1982；

H0．1987）．　Therefore，preViousinvestigators have not success－

fully obtained a mathematical s01ution for the evaluation of

thermal inertia based on one－dimensional heat transfer and heat

balance models on the earth，s surface．　Furthermore，PreVious

research simultaneously used thermal inertia（T＝）and albedo

（Pratt et a1．，1978；Pratt and Ellyett，1979）．

The previous investigators included t00　many COmPlicated

input parameters for the atmospheric correction and other

Subjective parameters and excluded essentiai parameters of heat

balancein their models．　The relative humidity of soil surface

in the thermalinertia model has beenignOred orinsufficiently

adopted（Kahle，1977）．Sometimes，it was assumed to be saturated
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and constant．　This assumption overestimates the v01ume of the

evaporation from soii surface．

keiationships between SM and the brightness temperature／

COefficient of backscatter of microwaves were evaluated（Schmugge

et al．′　1974；Ulaby et a1．，1974．1978，1979′　1982，1983a，b，；

Eagleman and Lin，1976；Njoku et a1．，1977，1982；Estes et

a1．．1977；Hirosawa et a1．．1978；Chang et al．′1980；Newton et

a1．．1982；Wang，1983，1985，1987；Wang et a1．．1980，a，b，C；

1981，1982，1983；Burke et a1．，1982；Dobson et a1．．1981，1985，

1986a，1986b；Jackson，1986，Jackson et a1．，1981，1982，1984，

1986．1987a，b；Bernard et a1．．1982，1986J O′Neill et a1．，1984；

Theis et a1．，1984；　Fung et a1．，1985；Hallikainen et a1．，1985；

Camil10．et a1．，1986；Rao et al．′1986；Schmugge et a1．，1986；

Str00Snijder et al，1986；Bruckler et a1．，1988；Musick and

P011etier，1988；Owe et a1．，1988）．

＝n these approaches，aPprOPriate parameters（wave bands）and

measurement systems for soil moisture were examined．　Backscatter

radiation from vegetated fieids，the effects of surface roughness

and soil texture were also examined to detect the energy below

these canopieS for the soil moisture estimation．＝n passive

microwaves，brightness temperature was examined for SM estimation．

Recentiy′　the concept of a thermal model wasintroducedinto the

COnSideration of these passive microwaves（Camillo et a1．，1986）．

ii）As forlandform classification，landform divisions have

traditionally been attempted from map reading，mOrPhometry and

ge010gical structure（Fenneman，1914′　1928；Shimomura，1926；

Shimomura et a1．，1934；Hall and Watanabe，1932；Min0．1935；
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Watanabe，1940，1952）．　Recently，geOmOrphological mapping has

PrOgreSSed using the photogrammetrical method and photo－

interpretation（Linton，1951；Asami，1951；Nakano′1952；Nakano et

a1．，1968；Parry and Beswick′1973；Verstappen′1977；Stancioff

and Hi11，1979；Oya et a1．．1987）．　＝n order to avoidindividual

differences of method010gy for geomorph010giCal classifications，

the quantitative analysis has been applied to the terrain

Classification（Okabe，1968；Tarnocai and Kristof，1976；Connors

et al．；1987；Franklin，1987）．

iii）As for wind erosion，the mechanism of sand drift and

micro－tOPOgraPhy of sand dunes have been studied by wind tunnel

experiments．　＝n these experiments′　relationships between

threshoid velocity of wind speed and roughness′　particie size and

COhesion of soii were examined（Chepii and Miine，1941；Chepi1，

1945′　1946，1950；Tanaka et a1．，1954．1959；Shiyatyy et a1．，

1972；Wilson and C00ke，1980）．The relationship between soil

moisture and v01ume of soil erosion has not yet been discussedin

detail．Strendansky（1981）Obtained regression equations between

Wind speed and soil erosion asinfluenced bY SOil moisture on the

basis of wind tunnel experiments．

Wind erosionin the Tokachi（Hokkaido）and Kanto Districtsin

Japan was studied by the field observation in relation to

PreCipitation and soil moisture（Tanaka et．al．′1959；Kusakabe，

1964）．　Recentiy，a hazard map such as the erodibility map was

COnStruCted by a computer mapping procedure（Madsen et a1．，1986）・

However，this map did not show actual soii erosion but soii

properties affectingits erodibility．
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2．　Methodoloqv　－　Measurements and data prOCeSSin

2．1　　Study Areas

Surface temperatures and soil moisture were measured at an

air monitoring station　（AMS）．　　The soil moisture and

meteor010giCal elements were obtained at the experimental field

（referred to as the field）　of the National　＝nstitute for

Environmental Studies（N＝ES）．　The reflectance of soii surface was

measuredin thelaboratory of the NZES．Airborne and spaceborne

multispectral scanner（MSS）and ground truth data were obtainedin

the Kujukuri coastal plain，Tsuchiura and　01dJoban coal mining

areas．　Figurel shows sites of these study areas．　The overview

Of these areas can be summarized as f0110WS．

（1）Air monitoring station

An air monitoring station（AMS）islocated at　36●2′42”N，

140’7，21HE′in western＝baraki prefecturein centralJapan・Since

Apri11978′　air pollution and meteorologlCal elements have been

COntinually observed．　Since1980．surface temperature（Ts）and

SOil moisture have been als0　0bservedin the measurement system at

the AMS．　Photographl shows soil containers at theleft side of

the tower．Theinstrument mOnitoring building of the AMSis behind

the tower．
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Photograph l

Experimental equiPmentSin the field

and the Air monitoring station at the

Nationai Znstitute for Environmental

Stud土es．

Phot09raph　2

（ぬservation system at the e3q）erimental field．



12

（2）　Experimental field

The experimentai fieidislocated at36●00，35”N，140●4′　50”E．

Since1985，heat baiance terms have been observed to deveiop the

thermalinertia modei for determining soii moisture．Photograph　2

Shows the experimental system of the field．

（3）Kujukuri coastal plain

Micro－reliefs such as beach ridges，elevated bars′　Sandspits

and dunes with heights of several meters are arrangedin parallel

to the shorelinein the Kujukuri coastal plain．　At least ten

elevated sandspits or bars are observedin this area．　The most

inland part of this plainis covered by very moist and peaty soil．

Elevated sand spits and bars are covered by sandy soil．having

back marshes with peaty soil．　The cities of Mobara′　Togane and

Naruto and towns of shirako，Kujukuri and Hasunuma are formed on

iarge elevated sandspits and bars．The southern part of this plain

（Fig．2），Particulariy Shirako and Kujukuri，have been damaged by

SeVereland subsidence due to natural一gaS mining．IJand subsidence

has resultedin submergence of paddy fields，the contamination of

Well water by sea water′　and theinundation ofinner parts of the

plain by sea water．

（4）Tsuchiura and its vicinity

The lowland area with　2　－　10　m elevation in the lower basin

Of the Sakura river near Tsuchiurais surrounded by the Tsukuba－

＝nashiki upland area，the Nihari－Dejima upland area andIJake

Kasumigaura（see Fig．3）．　Micro－tOpOgraPhies such as naturai
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Figure　2　Southern Kujukuri coastal plain．
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Figure　3　　Tsuchiura city andits vicinity．
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levees，elevated sand－SPits and alluvial terraces were observedin

the alluvial piain．

The relief between swells and thelowiand plainis aboutl

t0　2　m．　The water flowis very slow．The city of Tsuchiura has

deve10ped on elevated bars or spitsin this plain．The hinterland

Of the city has remained swampylowland．

Zn the lowland aroundIJake Kasumigaura，10tuS plants have

been cultivated．IJOtuS fields are also found in Ninomiya and

Yokosuka areas towards the east，and Kakema and Funako areas

towards the south．　These fields are observed as flooded and

SWampy areaSin winter．

（5）01d Joban coal mining area

The old Joban coal mining area is a general name of the

regiOn，Which consists of Taga，Zwaki and Futaba coai mining areas

in the northern part of the　＝baraki prefecture（Marui′1961）．　The

town of Zsoharaislocatedin the Taga mining area．The aiiuvial

lowland at　＝sohara and its vicinity consists of coastal and

deltaic plains with elevations of aboutl t010　m above sealevel

（F土g．4）．

Emerged sand bars，Spits and beach ridges near the coastline

are para11el to the shoreline．Depressions and submergence of

lowland fields were caused by no gobbingin thelevels and shafts

after the mining．　These phenomena were observed around the

Village of Waku and the western part of Zsohara（Yamazaki，1963）・

Zntensive iand reclamation work has been done in this severe iand
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Figure　4 Old Joban coal mining area．
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Subsidence area near Waku．　The groundin that areais used as

iowland fields and farmers，residential areas．

2．2　　Micr0－meteOrOlogical observation

2．2．1　　　Soii moisture and meteorological measurements

（1）Meteorological measurements at Air monitoring station．

Figure　5　shows Kantoloamy soil and soil taken from paddy

fields．　These soils were observed by a thermal　＝R radiometer

（Toshiba ER2006－＝R radiometer）．　Figure　5（A）shows a cross

SeCtion of the paddy soii in containers and the equiPment

arrangement．These containers were wrapped upin p01ystyrene foam

to avoid lateral heat fiow．

Paddy soil was sampied from O to　60　cmin depth ofiowland

field at Obusa in western　＝baraki prefecture．　Size distribution

Of the soil is shown in Table l．

Tabiel Particie size of the paddy soil obtained

from Obusa，WeStern　＝baraki prefecture．

（According to the Wentworth grade scale）

particle　size distribution　ratio

〉　　0．25　mm 7．8　％　　　 （coarse／medium　sand）

0．25　－　0．0625 13．6　亀　　 （fine／very fine　sand）

く　　0．0625mm 78．6　亀　　 （sllt／clay）

One of the potted paddy soils was kept under natural

COnditions．Another soil container was supplied water through a
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（A）

（丑）

一一■■

＿■′

Figure　5　Schematic profile of paddy soilsirl the containers

and neasurement systemin the field of the Air

monitOring station（AHS）

（A）：Measurement SyStemin the field，（B）：Profiles

Of paddy soilsin the con亡ainers and tensiometers
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photogでapb　3

Measurement ofirlStruTnen亡　error．

Pbotograph　4

heasuTenent SyStem Of surねce reflecト
ance of sandy soll．
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Siphon connected with a water tank．　Six porous cups were set at　5

and10　cm depthsin each soil pot．The surface temperature and

SOil moisture of each pot were measured every hour．From August

1980　to September1981Surface soii moisture and meteor010giCal

elements were observed at the AMS to evaluate the reiationships

between moisture and surface temperature of soil．

（2）Meteorological observations at the observation

field．

The validity of the study′S thermal model for soil moisture

estimation was examiTled by measuring micr0－meteOr010giCal elements

On the surface of Kant010amy SOil from December1986　to July

1987．　Photograph　2　shows the arrangement of the micr0－

meteor010gical observation system at the fieid．　Electrodes were

Set at l，5，10　and　20　cm depths for the soil moisture

measurements by the electrical conductivity method．　＝n addition，

One tenSio cup（Kiya－type pOrOuS Cup）was set at　5　cm depth to

measure soil moisture．An Eiko CN－9　type heat flux plate was set

at O．5　cm depth for the heat flux measurement of the soil．

Net radiation was observed using an Eiko CN－11type net

radiometer atl．3　m above the ground．The surface temperature was

measured by a National ER－2007　SA＝　type　＝R radiometer set at a

height ofl．5m．　Global s01ar and reflected solar radiation were

Observed by Eiko MR－21type s01arimeters．　Dry and wet buib

thermocouple thermometers were set at O．1andl・l m above the

ground．
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The soil temperature was measured with thermocouple therm0－

meters with eiectric terminais at the depths of O．5，1．0，2．0，

5．0，10．0，20．0，40．0，60．0，80．O andlOO．0　cm．　Air pressure and

Wind speed were observed using an Uizin－type preSSure gauge and

Ota P－type Wind vane／anemometers respectively．

These meteor010giCal elements were measured at one minute

intervals．　Row data of one minutesintervals and values averaged

OVer　30minutes were processed by micro－COmPuter（NEC PC9801－Vm2／

EPSON HC－20）and fed to floppy disks every30minutes．

2．2．2　　　Data processing

Relationships between the surface temperature and the soil

moisture were depicted in the first step．　＝n the second step，

daily variationsin the soii moisture at　5　andlO cm depths were

depicted graphically．　These data were processed by regression

analyses in the third step．　Before these analyses，the soil

moisture data were averaged．　Diurnai ranges in Ts and

meteor010giCal elements were obtained by subtracting minimum data

from maximum　data．　Each of the heat balance terms was caiculated

by the heat balance method．These thermal inertia of soii were

Calculated by these heat balance terms for the evaluation of the

thermal inertia model．
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2．3　　　　Spectral reflectance and moisture determination

in the laboratory

Ground truth for a remote sensing experiment may contain

errors．To reduce these errors，SenSOrS Were COrreCted by the

measurement of instrument error．　　photograph　3　shows the

calibration of thermal　＝R radiometers which is one of the

instruments for the field measurement．　＝n the iaboratory′　the

Calibration was carried out using a standard thermometer before

the field observation．　AIso spectral refiectance of soil was

measured and soii moisture was determinedin thelaboratory．

（1）　Spectral reflectance of soil．

The spectral refiectance of soil was determined using a

hand－Carried photometer（Abe Sekkei type　2703）．Relationships

between spectrai reflectance and soil moisture were examined using

these da亡a．

Reflected radiationintensity was measured at19　wavelengths

（0．4，0．425．0．450′　0．475′　0．500′　0．525′　0．550．0．575，0．600．

0．625′　0．650，0．675′　0．700′　0．750．0．850′　0．950．1．050′1．150　and

l．250　pm．

A soil sample with particle sizes of smaller than　2　mm was

Prepared by sieving coarse sand from the original soii sample．

Size distribution of soil is shownin Table　2．
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Table　2　　Particle size of the sandy soii obtained from

the Kujukuri coastal plain．（According to the

Wentworth grade scale）

partlcle　s土ze distribution　ratio

〉　　0．25　mm 2．1 ％　　　 （coarse／medium Sand）

0．25　－　　0．125　mm 36．4　％　　　 （fine　Sand）
0．125　－　0．0625mm 60．3　％　　 （very fine　sand）

く　　0．0625mm 1．2　亀　　　 （S土1亡／clay）

Observation systems usedin this experiment are shownin

Phot0．4．　　The soii sampie was set in a smali metai cup．Zts

inside wall was painted black．　＝t wasilluminated bY a Standard

tungsten halogenlamp（Ushikata Electric Company′JPDlO0－500CS）

With anincident angle of　30　degrees．

Thelight beam refiected from the soii surface was detected

by the photometer．　The soil surface and a standard white plate

Were alternately measured．The white plate was painted with white

C010r－Kodak reflectance coating（CAT．No．6080）．

For accuracyin measurement，thelamp was calibrated using

the standard iamp of the Japan Electric Meters　＝nspection

C00Peration．　The electric current from the sensor was fedinto a

digital v01tmeterin front of the hand－Carried photometer．

（2）　Soil moisture determination．

The moisture in soii sampies was determined by weighing

before and after oven－drying at a constant temperature（110’C）for
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48　hours．　Mass wetness（SV）and total water storage（SW）were

Calculated from：

SV　＝（Wg　－　Dg）／Dg xlOO

and

SW＝　SV x dry bulk density x depth x O．1

Where SVis mass wetness（％），　SW，tOtai water storage（mm），Dg，

dry weight of soil，and Wg，Wet Weight of soil．　The error

associated with this procedure is minimal and less than one

PerCent Of the dry weight．

The dry bulk density of the soil was also calculated from：

Dry bulk density＝Dg／total v01ume（S01ids and pores）

Though a soil sample at a depth from O t010　cmis usedin the

determination of totai water storage，SOii sampied from a depth of

O t0　5　cm was used for efficient sampling of soilin field surveys

in this study．

The bulk density varied from O．4　t01．1in the Kujukuri

COaStal plain．The wettest soil（peaty soil）in the trough－like

lowland showed the minimum　Of bulk density．　The vaiue obtained

from theloamy soil at the field of N＝ES was averaged as O．64．



Number（8101－8121′　3601－3617）ind土cates

SOil sampling and surface temperature

measurement pOint．LOCality of　8101土s

grOund truth center．

Figurle　6　Ground truthpointsand flight Pathin亡he sou亡hern

Kujukuri coastal plain（Jan．23，1981）

25
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2・4　　　Data acquisition in the Xujukuri coastal plain，

Tsuchiura and the old Joban coal mining area

2．4．1　Airborne measurement and ground truth

（1）　Airborne MSS measurement

An area of about　25　kmlength was observed bY tWO airborne

MSS（MSS－BG－lA and Bendix M2S）．　These measurements were carried

Out three times，at　7：05′　9：35　and12：05　0nJanuarY　23，1981．

These measurements were also carried out at　6：18，9：15　and12：59

0n November15，1985．　The spectral wavelengths utiiized on each

date are showed in Table　3．

The sensor can detect radiation in13　waveiength bands；

however，Channeis12　and13　Were out of order for the measurement

in1981．　Spectral reflectancesinll channels as shownin Table　3

Were reCOrded into the onboard data recorder．The ground

res01ution was about　4．8　t0　4．9　m／pixel and the swath width was

about　3000　m．

The flight days were fairly clear and free from haze．

0bjects and aircraft several kilometers distant from the observer

Were Ciearly distinguished，thus the visibility was g00d for the

experiments．

（2）　Ground truth

Figure　6　shows the ground truth areas．The temperature and

Other weather eiements are shownin Table　4．I．and use surveys and

SOil sampiing were carried outin the ground truth areas（Areas A



27

む
l
q
d
l
可
d
A
d
 
P
O
d
‥
．
句
．
之

．
h
p
n
p
∽
　
∽
両
月
｝
　
貞
一
p
の
∽
n

‥

（

○

）

T

O

q

e

h

∽

0　0　0　0　0　0　0　0　0　0○

O
．
C
T
－
O
．
の

り
O
．
d
I
ト
の
．
O

Q
の
．
0
－
ト
ト
．
〇

寸
ト
．
0
－
0
卜
．
〇

ト
ト
．
？
ふ
芯
．
〇

や
り
．
O
I
N
や
．
O

N
吟
．
O
I
の
の
．
〇

の
め
．
0
－
寸
の
．
〇

寸
の
．
0
－
の
寸
．
O

の
寸
．
0
－
寸
寸
．
O

E
ユ
寸
寸
．
0
－
の
6
．
0

N rつ寸のくDl、心の⊂〉→
▼1　－

▼■

p
む
N
h
d
d
q
d

d
P
d
凸

月
｝
旭
日
む
l
む
A
d
巨

．
〇
才

T
の
d
d
d
月
U

幻
の
の
↓
．
の
T
．
A
O
之

の
N
ヨ
粥
召
岩
田

00000

∈
ユ

p
む
N
h
l
d
d
d

d
｝
d
口

の
．
寸
　
－
　
の
．
寸

の
．
の
　
I
 
C
．
寸

の
．
N
↓
I
　
の
．
O
T

▼■N＝つ
▼■　▼■　→

O
の
．
O
I
O
の
．
〇

の
り
．
？
ふ
芯
．
〇

の
り
．
0
－
0
や
．
〇

吟
の
．
0
－
寸
の
．
〇

g
の
．
O
I
T
の
．
O

の
寸
．
0
－
ト
寸
．
O

の
寸
．
O
I
の
寸
．
〇

〇
寸
．
0
－
の
6
．
0

の
6
．
0
－
0
m
．
〇

■可・司・可■可　　句
⊂〉－Nの寸Iのくロ　ト　　の

月
中
餌
白
む
J
の
A
d
声

．
O
E

l
む
百
百
d
月
U

T
∞
Q
T
、
c
N
．
d
d
h

d
T
－
ロ
的
－
∽
∽
ヨ

．
d
｝
d
p
　
の
∽
ヨ
　
む
d
h
O
q
h
↓
d

叫
O
 
p
G
d
q
　
月
U
d
む
　
貞
一
∽
月
中
警
卒
芯
A
d
夢
　
l
d
h
p
U
む
d
の
　
　
C
　
む
l
q
d
ト



28

．
S
p
白
む
白
む
h
n
∽
d
¢
己

∽
∽
ヨ

む
d
h
O
q
↑
一
d
　
爪
岩
石

百
両
　
d
l
d
p
 
l
d
O
一
切
0
1
0
h
O
の
｝
む
ヨ
　
　
寸
　
心
T
q
d
h



29

and B）in the Kujukuri coastal plain．　Zn general，SOil moisture

in Area B was considerably higher than thatin Area A．

1）Soil surface temperature．

Soil surface temperatures used to correct airborne thermal

＝R data were measured with hand－Carried ZR radiometers．　Thermal

＝R radiometers with view angles of　2’were set atl．5m above the

Surface．　Thus，the ground res01ution of the　＝R radiometer was

about　5　cm x　5　cm′　and that of the airborne MSS was about　5　m x

5　m．　Therefore′　tO reduce the gap in sizes of target areas，

Surface temperatures were measured three timesin each corner and

the center of the square target（5　m x　5　m）site．Therefore，

fifteen data points were averaged for each ground truth site．

2）　Meteorological observation．

Meteor010giCal elements were obtained from the ground truth

Center（No．8101in Fig．6）．Data on air temperature，reiative

humidity，Wind direction and wind speed l．5　m above the soil

Surface at the ground truth center are shownin Table　4．

Micr0－meteOrOlogiCal elements such as net radiation′　aibedo，

air pressure，Surface temperature，heat flowin soil，refiected

radiation from the earth surface，global s01ar radiation and air

temperature were observed at the ground truth center on November

15，1985．　However，the net radiation at the ground truth center

WaS eStimated using relationships between net radiation and global

S01ar radiation obtained from the experiments at the fieid（Fig．

7），and the albedo was estimated from empirical relationships
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between albedo and spectral reflectancein the airborne experiment

in1981．

3）Soil sampling．

Soil samples of lOO cm3　were c011ected from twenty sites

using soii samplers．　Soil from O t0　5　cm depth was sampled after

the measurement of surface temperature．　Soils were sampled at　20

ground truth sites in the center of each site．About　60　minutes

Were needed t0　0btain soil samples from these sampling points．

4）　Land cover observations．

After the meteor010giCal measurements and soil sampling，29

1and cover types were observed over a　4　days period．　The land

COVer tyPeS are aS f01lows：

1），2）paddy fields，3）green pasture，4）barley，5）radish，

6）cabbages，7）wel＄h onion，8）young weish onion．9）grass

SPrOut，10）bare soil with buried straw′11）pasture，12）Sparse

Weed，13）lawn，14）dense weeds，15）pine grove，16）Japanese

Cedar forests，17）mixed forests，18）wet sand′19）′　20），21）dry

Sand，22）silt，23）water．24）concrete′　25）asphalt，26）straw－

thatched r00fs，27）tiled r00fs，28）slated r00fs，and　29）

greenhouse．

（3）Data processing

Original datain the high density digital tapes（HDDT）were

COnVerted to computer compatible tapes（CCT）．　The total number of
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SCaniinesin the high density digitai tape（HDDT）data was　21880．

Every scaniine consisted of　802　plXeisin the CCT obtained at

12：05　0nJan．23，1981．They were reduced t0　54701ines for the

CCT by sampiing every fouriines．

Geometric distortion due to pitching，yaWing and r011ing of

the platform was mechanically corrected using onboard systems．

The data obtainedin the first flight at　7：05　0nJan．23，198l was

not used for mapping Of soii moisture，because the gYrO－COmPaSS

unit was notin operation．

For the analysis′　tWO data sets（imageries），eaCh consisting

Of　768（pixei）Ⅹ　768（lines），Were eXtraCted from the CCT data

having　802（pixel）Ⅹ　5470（lines）．　Whilelocating ground truth

Sites and ground contr01points for geometric rectification of MSS

images，SeVerai conspICuOuS targetS Were picked up on thel：5000

air photo maps．　These points showed land marks such as

CrOSSrOads，COrner Of plowland and paddy fields，buildings′

forests，rivers，and bridges．These points were plotted on digital

maps derived from MSS data．　The controI points were used for the

reference for geometric rectification and registration of the two

MSSimages．　The registration of twoimages was carried out by

COmputer PrOgramming based on a proコeCtive transformation method・

Twoimages obtained on the first（6：15－6：22）and third flights

（12：58－13：00）on Nov．15，1985　were geometrically rectified・

Later′　Sample data for the statistical processing were extracヒed

from each CCT．

Figure　8　shows the relationships between CCT data and albed0．

The albedo was measuredin and around the ground truth center（No．
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8101in Fig．6）．　Since the CCT countin the visible and near　＝R

SpeCtral regiOn WaS StrOngly correlated with albed0．a iinear

regression line was fitted to piXel data of the imagery for

estimating albedo（α′）．At the ground truth center′　downward

longwave radiation（I，）and diffusion velocity（D）were calculated。

This analysis based on the heat balance method will be discussed

fullyin chapter　3．2．1．　Surface temperature（Ts），albedo and

downwardlongwave radiation so estimated′　Were fed onto another

magnetic tape．　Later，MSS data were processed with discriminant

and regression analyses and conputer maPPing teChniques．
■

2．4．2　　Satellite measurement and ground truth

（1）　Sateliite MSS and TM measurements

The swath width of the scanner of Landsat is185　km′　and a

full scene covers an area of185　km x170　km．　The ground

res01ution of one piXel of Landsat－3　MSS datais　57　m x　57　m and

that of Landsat－5　Thematic Mapper（TM）ccT data of Bandl，2，3′

4．5，and7is about　28．5m x28．5m．The pixel size of band　6　0f

TM data　土s l14　m x l14　m．

The Landsat data were obtained from the Earth Observation

Center，National Space Development Agency（NASDA），Saitama pre－

fectureinJapan．　The dimensions of theimagery selected from

Landsat MSS scenes（Path l15　Row　34′　35，Fukushima and Tokyo′

Path l17　Row　25，Tokyo）are　512（pixel）Ⅹ　512（lines）．The

IJandsat－3　MSS data obtained at　9：33　0nJanuary19．1980，COnSists

Of bands　4，5，6　and7．　The Thematic mapper（TM）imagery at about



35

0　0　0　0　0　　0

p
む
N
h
l
d
d
d

d
｝
d
凸

（
ト
の
Q
T

h
p
n
｝
∽
　
∽
一
月
｝
　
已
両
　
p
む
∽
n
‥
（
○
）
l
O
q
己
h
s

の
C
．
N
I
の
O
．
銅

の
．
N
d
I
寸
．
O
T

の
ト
．
↓
I
の
叫
．
J

O
の
．
O
I
の
ト
．
〇

の
り
．
0
－
g
り
．
〇

〇
り
．
？
ふ
芯
．
〇

円
の
．
0
－
の
寸
．
〇

▼■Nくり寸のくD　ト

∈
ユ
月
｝
餌
白
む
l
Q
A
d
声

．
〇
之

“
p
已
d
再

．
寸
T
．
q
む
h
）
芦
F
　
の
1
｝
d
∽
p
d
d
J

0　0　0　0

○
轟
．
T
I
O
の
．
〇

〇
の
．
0
－
0
ト
．
〇

〇
ト
．
9
人
芯
．
〇

〇
り
．
0
－
0
の
．
〇

寸IlnくD　ト

p
む
N
h
T
d
已
d

d
｝
d
凸

（
○
0
0
Q
d
．
m
↓

∈
ユ

雲
も
u
¢
l
む
A
d
き

．
〇
之

p
G
d
餌

．
百
d
h
）
∽
∽
芸
　
の
－
｝
d
S
p
d
d
J

．
d
｝
d
p
　
｝
d
∽
p
d
d
J
 
J
O
　
9
月
l
u
d
¢
l
¢
A
d
夢
　
T
d
h
｝
U
の
d
∽
　
　
の
　
む
t
q
d
ト



36

9：30　0n February14．1987，COnSists of seven bands．　These bands

are iisted in Table　5．

（2）　Ground truth

Ground truth was carried out twice，eaCh time for four days

（January17　t0　20．1980　and February14　t017，1987）in the

Kujukuri coastal plain（see Fig．9）．　Field work was carried out

t0　0bserve the land use in and around Tsuchiura and Tsukuba for

application to photo－interpretation．

1）　Land cover observation．－

For the discrimination ofiand cover by the remote sensing

data，manyiand covers were observed by photo－interpretation and

field works in the Tsuchiura and Kujukuri area．　These sampled

data for the discrimination of iand cover are as f0110WS：

1）bare soil，2）bare soii（with straw of one meter spacing），

3）bare soil after radish’harvest，4）swampy bare soil after

harvesting of lotu畠　root，5）paddy fields（with stubble）．　6）

frozen paddy fields，7）frost covered paddy fields，8）partly

flooded paddy fields，9）mossy paddy fields，10）truck farm，11）

Welsh onion，17）barley（SPrOuting），13）weeds′14）lawn，15）

reeds，16）evergreen forests，17）farm houses，18）dry sand，19）

blackish gray sand，20）sea water′21）fl00ded fields，22）fl00ded

paddY fields，23）inland water′　24）concrete building，and　25）

Siate－rOOfed houses．



37

二
〇
票
T
 
h
O
N
ユ
ー
．
仁
可
r
）
　
u
召
T
d
 
l
雲
S
3
0

で
コ
雪
盲
鍼
心
霊
u
叫
S
盲
で
d
ぎ
コ
d
E
謡
葛
買
○
霊
B
O
J
　
小
　
心
≒
誉
h



38

2）Soil sampling．

The procedures of soil sampling and determining soil

moisture were the same as those used in the airborne MSS

measurements．　Two soil samples were obtainedin each target area

from January17　t0　20，and five samples were obtained from

February14　t017．　Then，the soil moistures were averaged．　＝n

both sampling for MSS and TM measurement，　SOil was very dry

because of no precIPitation for a week preceding this measurement．

（3）Data processing

The spaceborne MSS and TM data were processed with the same

PrOCedure（discriminant and regression analyses，and computer

mapping techniques）as the experiments with the airborne MSS data．
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3．　ModelinQ Of soil moisture estimation

First，the daily variations of surface temperature and soii

moisture are examined，and a thermalinertia modelis established

in this chapter．　Secondly′　mOdels for estimating soil moisture

are developed using data obtained from the field of the National

Znstitute for Environmental Studies（NZES）and the Kujukuri

COaStal plain．

The models for SM estimation are aiso developed empirically

using visible refiectances from soii surfaces．These models will

be applied to MSS and TM data to illustrate the geographical

distribution of soil moisturein Chapter　4．

3．1　Modeling of soil moisture estimation with thermal　工R

data obtained by ground truth measurements

3．1．l Variations in surface temperature and soil moisture

（1）Variations in surface temperature

Relationships between surface temperature（Ts）and soil

moisture（SM）Were examined using the data obtained from the

potted soils a亡　the air monitoring station（AMS）．　FigurelO shows

that the surface temperaturein the daytime was higher for the dry

SOil than for the wet soil．　This was caused by the higher

evaporative c001ingin the wet soil．
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（2）　Variations in soil moisture

Figure ll shows daily variations in pF vaiue of soils at

depths of　5　andlO cm obtained from the AMS．　The moisture of the

Surface soil exposed to sunlightin the morning was rapidlylost

due tointensive evaporation．The pF value of soils at depths of　5

and10　cm increased with time from　5：00　to　8：00　and afterwards it

decreased．　The values went up again during the period from15：00

t0　21：00．

＝n the drying prOCeS畠′　the pF value of soillayersincreased

CurVilinearly with diurnal fluctuations．　The diurnai rangein pF

Values at a depth oflO cm wasIower than that at a depth of　5　cm．

The pF value of Kantoloamy soii was higher than that of the paddy

SOil．

Figure12（a），（b）and（C）Show daily variations in soil

moisture obtained at depths of O，5　andlO cm by the eiectrical

COnductivity method．　＝n along range record of soil moisture

Variations obtained from the field，these daily variations were

Obvious．　According to the meteor010gical data taken from May t0

0ctober1986′　nO rainfall was recorded from thell th to the　29　th

Of Augus亡．

The soil moisture was determined using the degree of

electricai conductivity of the soil sampie．　Moisture determined

by the electrical conductivity method was usedin the following

examination because of good reliability．
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3．1．2　　Thermal model and soil physics

（1）　Thermal model

As previously described by Budyko（1956），the energy balance

Of the earth，s surfaceis essentiaily formuiated as f011ows：

S　岩　見E　＋　H＋　B……………………．（1）

Where Sis net radiation flux，見E，1atent heat flux．H，SenSible

heat flux，and B，SOil heat fiux．

According to a one－dimensional heat transfer′　且E，H and B are

given by Eqs．（2），（3）and（4）′　reSPeCtively（Oga，1931；IJaiktman，

1961；Uchijima，1964；Monteith，1973）．

且E＝一噌lh．。 ……………………．（2）

H；・鮎管Ihl。…………………・（3）

B三一入管Iz零。…………………・（4）

Where Klis the m01ecular diffusion coefficient for water vapor，

K2，thermai conductivity of air，入，thermal conductivity of soil，

q，SpeCific humidity′　Ts，Surface temperature′　q and Ts denote

deviation from daily mean，　h，height，Z，depth，and p，air

PreSSure．　Boundary condition of height（h）and depth（Z）are zer0．
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Substituting Eqs．（2），（3）　and（4）into Eq．1，We get the

following results；

・Ⅹ穏一灯管一入管＝S・cosut　………・（5）

一肌穏－kaCpp管一入警＝S・cosut　………‥（5・）

Where Kl is the molecular diffusion coefficient for water vapor，

K2，thermal conductivity of air，kw′　the coefficient of kinematic

Viscosity of air（kw＝　Kl／P且）′　ka，thermal diffusivity of air（ka

＝　K2／PCp），P，air density．Cp，SpeCific heat of air，a，thermal

diffusivity of soii（a　＝　入／cr），C，SPeCific heat of soil，r，

SPeCific gravity of soil，え．latent heat of vaporization，S，，

amplitude of net variation，and w，angular velocity，t，time．

The specific humidity（q）at the earth，s surface can be

approximated by saturated specific humidity of the soil surface at

a surface te叩perature，Ts．（IJaiktman，1961；Uchijima，1964）：

q巨。－　pq（Ts）巨……………………・（6）

Where pis relative hunidity of the earth，s surface．q，SpeCific

humidity′　and q（Ts）is a saturated specific humidity at a surface

temperature，Ts．

＝n spite of decreased evaporation from dry soil′　the

evaporation rate is overestimated without this parameter（P）．

Therefore，the evaporation from dry soil can be estimated more

PreCiseiy byintroducing the reiative humidity of soil surface。
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This was described byIJaiktman（1961）as．．gl■　andlately defined by

Uchijima（1964）asl．p，（es／e（Ts））”．

Where pis reiative humidity of the earth，s surface，eS．Water

VapOr PreSSure Of the atmosphere，e（Ts），Saturation vapor pressure

at soil surface，and Ts，Surface te叫perature．

Pis defined as：

P　　　（且E／p且D　＋e（T））／e（Ts）…………………．（7）

because

且E p且D（pe（Ts）＋　e（T））……………………．（7’）

Where Dis diffusion veiocity，T，air temperature，and e，Water

VapOr preSSure・

The value of the parameter（P）varies from O．O t01．0．When

the soil moisture exceeds　60　宅　Of field capacity′　the value of the

parameter（P）is approximatelyl．0（Uchijima，1964）．

To simplify the analysis，the value of the coefficient of

kinematic viscosity（kw）wiil be assumed as equal to that of the

thermal diffusivity of air（ka）．　Therefore，both of them can be

expressed as k．　Rearrangement of Eq．（5′）and substitution of

Eq．（6）into Eq．（5，）resultin：

－Ⅹ拍（1雫偲・入管三S，cosut　………‥（8）

One－dimensional heat transfer into air and soil layer under

periodic heating are writtenin the foilowing form：
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ぞ・h

e－Z

Ts　…；Om

Ts　＝　Om

露cos（付雷・2轄）……………‥（9）

蒜‾cos（h
孟－2轄）……………。（9’）

After the differentiation of Eqs．（9）and（9′），Substitution of the

resultinto Eq．（8）was done．Then，the first and second terms of

Eq．（8）give the f01lowing equations：

・KpCp（1・等晋＝・働Cp（l・等om卑官cos（2轄・昔）dT・・・（10）

ー入管；一応omJ警cos（2轄・㌢dT……………………・（11）

扇here Omis temperature amplitude and T。is periodic time．

Daily range dQH and dQZ can be written as：

dQH＝一倍pCp（1雫）Om作JrE………………………（12）

and

dqZ三一応om斬…………………・（13）

Daily range of net radiationis dQH＋dQZ，SO



48

・佗pCp（1雫）一応示om作正三dS………………・（14）

We can rewrite the Eq．（14）as f01lows：

旧3円
dS

Om斬 ー仔pCp（1雫）…………………‥（15）

Theparameter　応isheat。。。ducヒan。e CaPa。ity（Oga，1931）．Zt

WaS reCently named as thermalinertia（Rosema，1975；＝dso et a1．，

1976；Pratt and Ellyette，1979；Price，1980，etC．）．　Thermal

inertia（応）C。ntr。Is heat diffusi。nin the s。il．The value。f
thermalinertiaislargely affected bY the first term on the right

Side of the equation．　＝n the precise definition of thermal

inertia，the second term on the right side cannot be neglected．

（2）Soil physIcs

＝n soil，入is a function of soil moisture and expressed as　入

＝　f（W）．　Multiplying c by density（r）gives Cv．　Cvis aiso we11

known as a function of v01ume wetness（W）．　＝tis expressedin

the f0110Wing Eqs．（16）and（16′）：

Cv　＝　0．46h＋0．60fo＋知　　（deVries，1963）…‥（16）
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Cv　＝　0．2pv＋WV／100　（Chudnovsky，1959）…‥（16，）

Where Cvis v01umetric heat capacity（cal／cm3　C）．pv′　bulk density

（g／cm3），fm，fo′　fw，SOil，s s01id phase such as mineral，Organic

Therefore，the parameter（爪音）is a fun。ti。n。f v。lume wetness

（W）and expressed as　　は言＝f（WV）．　S。il m。isture can be

estimated from Eq．（17）．

W　＝　r・1（応）……………（17）

Zn general，SOil moisture influences properties of soil

Physics such as thermai conductivity．　thermal diffusivity，

SPeCific heat and heat capacity of soii．　Aiinear relationship

exists between evaporation（E）and soil moisture below a critical

Value whichis about　60％of the field capacity（Uchijima，1964）．

As described by Fujiwara and Oneda（1959），Kasubuchi（1978）．

Monteith（1973）and Oke（1978），　theincreasein heatioss due to

evaporation causes proportional decrease in heat conducted and

StOredinto soillayers．　Heat capacity and porosity of soii also

have effects on the heat budget at the soil surface．　Conversely．

anincreasein soil moisture brings about a distinctincrease of

heat capacity and heat conductivity of soil．Heat conductivity of
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Wateris twenty－three times aslarge as that of air．　when water

fills pore spacein soil，it connects soii particles ciosely with

each other．　Then，the heat capacity and the heat fluxin soii

iayers both increase（Editorial cornmittee for handb00k of soil

Physics measurement，1980；Kasubuchi，1973；Shinj0．1977；

Maruyama，1957；Fujiwara and Oneda，1959）．　As a resuit，daily

range of Ts of a wet soilislower compared with that of a dry

SOil．Therefore，the energy balance theory at the soii surface can

be used to estimate soii moisture．　Tabie　6　summarizes physicai

properties of soilin relation to soil moisture．

3・1．3　　　Thermal inertia modei for estimating soil using

micr0－meteOrOlogical data obtained at the

experimental field

Soil moisture is physically and closeiy correlated with

thermaiinertia（化石）　as described ab。Ve．　The diffusi。n

COefficient（K）and relative humidity（P）of soil surfaces were

Calculated using heat balance terms obtained at the field．　The

diffusion veiocity is an adequate parameter for determining

SenSible andlatent heat flux（Uchijima，1974）．　Thus，diffusion

Velocity（D）between two heights oflO andllO cm above the ground

WaS uSedin place of the diffusion coefficient（K）．　The parameter

（D）is calculated by the f0110Wing well－known heat balance method．



52

（
E
E
）
　
U
か
d
h
O
J
m
M
一
山
山
一
空
事
一
d
〕
0
日

0
●

32

9
　
　
　
　
　
5

1
　
　
　
　
　
1

′
－
U

●

1⊥

■－

－－

　

■

　

－

　

－

－

　

■
－

－

■■　　　　　　　　　　　　　　　　●■

－

■■

■■－　　■■　－l■　　　　■　　－

■　　　　　　　　　　　　　　　一　■■

コ■r「　　　　　「二二

■．■　　　　■■

－

■■　　　　　　　　　　　－　■■

0．005　0．013　0．021　0．029　　0．037　0・045

でhermal　土nertia

Figure　13　　Regression of themalinertia and total

Water StOrage Of Kantoloamy soil ob亡ained

from the experiment a亡　the field．



53

DlO＿110m　三見E／（（0．622且P（elO－ellO）／p）………．（18）

DlO．110cm H／（Cp p（TlO－TllO））　…．………（18，）

Therefore，all of the heat balance terms such as dS，Om，D，

and p were obtained．　Then，thermalinertia was determined using

Eq．15　and heat balance terms obtained at the field．

Total water storage（SW）and thermalinertia were piottedin

the scatter diagram（Fig．13）．　The values of thermal inertia

Obtained fromll：30　t012：00　0n fair days during the period，from

December1986　to July1987，Vary from O．006　t0　0．045．　Soil

moisture（total water storage）was adequately correlated to

thermaiinertia，With a correlation coefficient of approximately

O．72．　The model for estimating total water storage（SW）obtained

at the field is as f0110WS：

sw＝－1．88＋662．89　応　…………………（19）

（R2＝　0．57，Standard error of the residuals　＝　4．04）

血ere SWis t。talwater st。rage（rnm），and　応忘′thermalinertia．
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3．2　　　Modeling with airborne MSS thermal ZR data in the

Kujukuri coastal plain

3．2．1　　Thermai inertia model with airborne MSS data for

SOil moisture estimation

（1）　Determination of energy balance term

The energY balance of earth，s surfaceis also expressed as

COmPOnentS Of short andlong wavelengths：

（1－α）R　＋　L　＝　U　十　九五　＋　H　＋　B　………‥（20）

Substituting of Eq．（1）into Eq．（20）yields the f0110Wing Eq．（21）：

L U　＋　S　・（1－α）R　…………………（21）

Where S is net radiation，R global s01ar radiation，I，downward

longwave radiation from the sky′　U upwardiongwave radiation from

the soil surface，and　α　albed0　0f the soil surface．

Meteor010giCal elements were observed in and around the

ground truth center．　These were heat balance terms such as air

temperature，relative humidity．wind direction，Wind speed at the

level of O．5　andl．5　m above the ground，global s01ar radiation，

net radiation，albed0．air pressure at thelevel ofl．5　m above

the ground，Surface temperature，and heat fiow from a depth of O．5

亡01．0　cm．
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Longwave radiation from the earth，s surface（U）is calculated

from Eq．（22）．

U　＝　8ロ（Ts　＋　273．15）4　＋（1・8）L　…………（22）

Where Tsis surface temperature obtained by a hand－Carried thermal

ZR radiometer and MSS．8，emissivity of soil surface and o，Stefan－

B01tzmann constant．　＝n this study．emissivity（8）is assuned to be

O．961．　The second term on the right hand side of Eq．（22）Can be

disregarded because this second termis negligibly smail when the

emissivity（8）islarger than O．95（Uchijima，1974）．　Therefore，

the dovmwardlongwave radiation（L）at the ground truth center is

Obtained by Eq．（21）．　Then，the parameter U and L can be easilY

Calculated for the ground truth center．　Effective radiation（F）

is calcuiated by Eq．（23）．

F　＝　L U　　　…………………（23）

The airborne sensor（MSS）enables measurement of reflected

SPeCtral energy within a narrow wavelength and thermal　＝R

radiation in each pixel．　As described above，R and L are

Obtained using data from the ground truth center．　Strictly

SPeaking，the downward iong wave radiation（L）varies with

location（pixel）．　Thisis due to the change of air temperature．

Downwardlongwave radiation（IJ），　thus obtained in a short time

during the MSS measurement，WaS Substitutedinto Eq．（23）．Albedo

in each piXei of the MSSis estimated from：
l
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α，＝　r（∑入i）…………………・（24）
i－1

Where　α′is the estimated albed0．and　入i，　reflectance of the

Visible wavelength band．Function f（x）is obtained by a regression

analysis using albedo and CCT count of airborne MSS data．　Albedo

is observedin and around the ground truth center．

Net radiation（S）in each pixel of MSS data can be caicuiated

from Eq．（25）by substituting the heat balance terms．

S　　　（1－α，）R F　…………………（25）

dS and dTs are estimated from Eqs．（26）and（27），reSPeCtively：

dS Smax Smh　　．．………………（26）

dTs Tsmax Ts．nin　　　………………‥（27）

Where dS and dTs are daily range of net radiation and surface

temperature，reSpeCtively．　Each subscripted max and minindicates

the maximum and minimum of S and Ts．The minimum value was

Obtained on the first flight（6：15　－　6：22）and the maximum value

WaS Obtained on the third flight（12：58　－13：00）on November15，

1985．
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（2）　Normalized aibedo

Albedo is defined as the ratio between reflected energy

Shorter than　3pm and global s01ar radiation．　Albedo was observed

both at the field and on the Kujukuri coastal plain．　Albedois

animportant heat balance term，anditis also used to estimate

relative humidity of the soil surface．　Figure14　shows the

relationship between albedo and total water storage．These data

Were Obtained from the fieid and in the Kujukuri plain．　The

incident angle at n00n during Augustin1986　varied from22　t019

degrees．　The angle at n00n WaS　56　degrees on Novernber15，1985．

Zt is well known that the albedo varies with time and season

and with differentincident angles of s01ar radiation．Therefore，

theinfiuence of seasonis unavoidable，but the albedo was sampled

at n00n tO aVOid variations of time．　Zt is also weii known that

aibedoincreases exponentiaiiy with the decrease of soii moisture

（Maruyama，1967）．　Excluding the part of the curve from high soil

moisture．the curvein Figure14　also agrees with the result of

Maruyama，s experiment．

Zn airborne remote sensing，relative humidity（P）at the soil

Surface cannot be calculated by the heat balance method because

latent heat flux（AE）in Eq．（7）is an unknown quantity．Therefore，

SuCh parameter as surface reiative humidity（P）was substituted by

an estimated relative humidity（P，）．

High soil moisture for example，31．8　mm was observed at a

iocationin the Kujukuri coastal piain．Up to this time，maXimum

Values of sample data over　37．5　mm were rarely observedin this

plain．　According t0　0bservations at the field，Saturation of the
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SOil t00k only24　hours of rainfall and was about　21．0　mmin total

Water StOrage．　Thus，SOii moisture at field capacity forloamy

soil is assumed to be over　21．O rnm．

Minimumalbed0　0f the wettest soil，Whichis　21．0　rnm at field

CaPaCity was about　6　％．　Conversely，maXimum albedo was

approximately　24　％in dry conditions，Whichisl・2　mm of total

water storage．　The albedo was weil correlated with soil moisture

as shownin Fig．14．　The estimated albedo（α′）using airborne MSS

datais assumed to vary between the maximum and minimumVaiues of

albed0．　The albedo（α′）minus the value of minimum albedo（0．06）

WaS divided by the value of total variation or range of albedo

（0．18）．　Thus′　the normalized albedo of soii surface varies from

O．O t01．0．　Then′　the albedo（α′）was evaiuated bY regreSSion

analysis based on relationships between albedo and totai water

StOrage aS given in Fig．14．　The normalized albedo can be

Substituted for relative humidity of soil surfacein the airborne

MSS measurement．　　Therefore，　the relative humidity of soil

Surfaceis estimated by Eq．（28）．

P’＝1－

α，－　αmln

αmaX　一　αmln
……………………‥（28）

Where p，is estimated relative humidity of soil surface，α′′　an

estimated albedo′　αmin，the minimum albed0　0f the wettest soil，

and　αmaX．the maximumalbed0　0f the driest soil．
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Thus′　the estimated relative humidity（P，）of soil surface

varies from O．O for the driest soii conditions t0　1．0　for the

WetteSt SOil conditions．　The estimated relative humidity（P′）of

SOil surface can be usedin place of the relative humidity（P）

based on the heat balance method in the airborne MSS measurements．

As mentioned above，heat balance terms such as dS，dTs，D（in

place of K），L，U′　F，P，and q were obtained from the airborne MSS

and ground truth measurements．　Therefore′　SuCh terms as ds，dTs，

P，and qin each pixel can be easilY Substitutedinto Eq．（15）．

These terms enable evaluation of thermalinertia for each piXel of

the MSS data．

3．2．2　　Moisture estimation with soil surface temperature

Totai water storage（SW）and surface temperature（Ts）were

Observed at　7：05．9：35　and12：05　0n Jan．23，1981．　Figure15

Shows relationships between SW and Ts．　This figureinciudes two

CaSeS，bare soil plot（A）and mixed plot（B）．　A mixed piot（B）

COnSists of bare soil with sparse grass and paddy fields after

harves亡．

Except the relationship obtained at　7：05，tOtal water storage

（SW）increases exponentially with the decrease of surface

temperature（Ts）as shown in Fig．15．　Results of regression

analyses are shownin Table　7．　The correlation coefficients for

bare soil obtained at　7：05，9：35　and12：05　were O．94，－0．88，and

－0．92，reSpeCtively．　For the mixed surface．the correlation
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COefficient obtained at　7：05′　9：35′12：05　were O．91，－0．91and

－0．93，reSPeCtively．

According to Table　7，　SW is directly or inverseiy

PrOPOrtional to Ts．　During the early morning（7：05），the vaiue

Of SW varied directly with Ts．　At other times（9：35　and12：05）

With more intensive radiation′　SW varied inverseiy with Ts．

Therefore，the correlation coefficient between them varies from

－0．93　亡〇　十0．94．

The correlation coefficient between Ts and SW was higher for

the bare soil plot than for the mixed plot．　This is mainly

because the mixed plot consists of three surfaces with different

physical properties affecting thermal conditions of the soil

layer．　The betterline fitness was recognizedin the processing

usinglogarithmic transformed values excluding Ts－data obtained at

7：05．

The ievel of significance for t－Values and correlation

COefficientsin these equationsis O．001．　Whiie the coefficient

and constant terms of these equations varY With diurnai variation

Of Ts，regreSSion coefficient for bare soiiis higher than that of

the mixed surface．　The f01lowing equations were derived from the

lowest estimation error and significance of t－Vaiue：
l

LnSW EXp　＝　4．069　－　0．115　X Ts12　　……………（29）

（R2　＝　0．85，Standard error of the residuals　＝　0．303）

LnSW COM　＝　4．267　－　0．124　X Ts12　　……………（30）

（R2　＝　0．86，Standard error of the residuals　＝　0．288）
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Where SWis total water storage（rnm），　EXP，bare soil，COM，mixed

Surface，and Ts12，Surface temperature obtained at12：05．

3．2．3　　　Model for estimating soil moisture using the

thermal parameter and thermal inertia

（1）Model for estimating soil moisture with the thermal

parameter

Figure16　Shows relationship between the thermai parameter

（dS／dTs）and SW of two data sets．　0neis bare soil and the other

is mixed surface．　Table　8　Shows results of regression analyses

between them．　As shownin this tabie，COrreiation coefficients

for bare soii were O．94′　0．79．and O．93　during the periods from

7：05　t012：05，9；35　t012：05，and　7：05　t0　9：35′　reSpeCtiveiy．For

mixed surface，they were O．94．0．70，and O．93　during the periods

from7：05　t012：05′　9：35　t012：05，and7：05　t0　9：35，reSPeCtively．

Correlation coefficients between soil moisture at　12：05　and

the thermal parameter（dS／dTs）for the period from　9：35　t012：05

WaS uSuallylower than that for the other periodin the morning，

and the value for bare soil was higher than that of the mixed

Surface．　Since soil moistureis closeiy related to the parameter

（dS／dTs）except for the period from　9：35　t012：05′　the soil

moisture can be estimated quantitatively．　　The f01lowing

equations were derived from the lowest estimation error and

Significance of t－Value：
●

LnSW EXP　＝　6．880　＋1．216　XIJndS／dTs31　……（31）
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（R2　＝　0．89．standard error of the residuais　＝　0．258）

LnSW COM＝　7．358　十1．327　x LndS／dTs31　……（32）

（R2　＝　0．89，Standard error of the residuals　＝　0．261）

Where SWis total water storage（mm），EXP′　bare soil，COM，mixed

Surface′　and dS／dTs，daily range of net radiation divided by dailY

range of surface temperature．

（2）Thermal inertia model for estimating soil moisture

The thermalinertia can be calculated using the heat balance

terms at the ground truth center and from the airborne MSS data as

mentionedin chapter　3．2．1．　Figure17　and Eq．（33）obtained from

airborne MSS and ground truth measurementsin the Kujukuri coastal

plain showlinear relationships similar to those obtained from the

experimentS at the field．Significant correiation exists between

SOil moisture（SW）and thermal inertia．　vaiues of coefficients

and constant terms of the equation are not equal to those derived

from the experiment at the field．because of the difference in

porosity and mineral components of soil between these two areas．

The thermal inertia model for estimating soil moisture from

airborne MSS measurements is as f01lows：

soii m。isture（rnm）＝－3．621＋581．13　応　…．（33）

（R2：0．92′　Standard error of the residuals：1．37）

Where soil moistureis expressed by total water storage（rnm）′　and

応忘．thermalinertia．
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3．3　　Estimation of soil moisture with visibie and near

ェR data

3．3．1　Spectral reflectance of soil surface

The surface reflectance varies with SM．　　Therefore′

examination of spectral refiectance of soii surface was done to

deveiop the empiricai modeis for estimating sM．

Zn thelaboratory experiments，Samples were reconstructed by

mixingindividual components，Obtained by sorting sandy soil from

the Kujukuri piain．

The percent reflectance and moisture of tested soil samples

Were piotted using an xY plotter．　The results are shownin Fig．

18．　The upperlimit of totai water storage of wet soii was about

16．5　mm．　＝n spectral regions over　0．75　pm，the reflectance of

SOil surface approximated the respective upper iimit of soii

moisture and peaked atl．15　pm．

The spectral reflectance curve giVeS StrOng SuPPOrt for the

relationship between spectrai reflectance of soil and moisture to

evaluate soil moisture．

No changein spectral reflectance curves was observed for

SOil samples with moisture higher than about16．5rrun，because the

soil was so saturated that the soil surface was covered by a thin

Waterlayer．　Zn this case，the spectral reflectanceis mainly

determined by opticai properties of the waterlayer．
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3．3．2　　Estimation of soii moisture with airborne MSS

visibie and near ZR data

Relationships between total water storage and CCT counts of

airborne MSS data are shownin Fig．19．　This figure consists of

two data sets．　0neis bare soil（Fig．19′　A1－3）and the otheris

mixed surface′　Whichis bare ground with sparse vegetation and

Paddy fields after harvest（Fig．19′　B1－3）．

Figurelg（Al and Bl）obtained on the first flight（7：01－

7：07）shows that the MSS data，eXCluding Channe19（0．8　－　0．9　pm），

Varyinversely with soii moisture．　The reflectance of Channe19

0btained in the condition of so weak s01ar radiation on the first

flight（7：05）shows the positive relationships between them．　This

relationshipin the near　＝R spectral region（Channe19）is similar

to that of thermal lR data of Channel ll on the eariy morning

fllght．

Tables　9　andlO show regression resuits for reflectance and

total water storage（SW）．　As shownin these tables，COrrelation

COefficients between reflectance and totai water storage（SW）for

bare soil obtained at　7：05，9：35　and12：05　were　－0．28　to　＋0．49′

－0．71t0　－0．92　and　－0．71t0　－0．95，reSPeCtively．　For mixed

Surface，COrrelation coefficients obtained at　7：05，9：35　and12：05

Were　－0．06　to　十0．28′　－0．57　t0　－0．90　and　－0．61　t0　－0．96，

respectively．　These tables show that relationships between

reflectance of bare soil and total water storageis similar to

that for the mixed surface．　At n00n，the correlation coefficient

between them varied from　－0．71t0　－0．95．and that of the first
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fiight（7：05）was theiowest among resuits obtained during the

period before noon．　Theintensive solar radiation shows that the

SOii moisturein daytime（e．g．9；35　and12：05）is weii correlated

With soil surface reflectance compared with that in the early

morning（7：05）．Tables　9　andlO show that theintercept of the

regressionlines changed considerably among MSS channels．　The

f0110Wing equations were derived from thelowest estimation error

and significance of t－Value：

LnSW EXP　＝12．523　－　2．703　X LnCh　4　　………（34）

（R2　＝　0．90，Standard error of the residuais　＝　0．248）

LnSW COM　＝13．115　－　2．849　X LnCh　4　　………（35）

（R2　＝　0．92，Standard error of the residuals　＝　0．219）

3．3．3　　Estimation of soil moisture with Landsat MSS data

The relationship between soii moisture（totai water storage）

and Landsat MSS visible and near　＝R data obtained at　9：35　are

Shownin Fig．20．　Figure　20（A）shows the relationshipin bare

SOil，and Fig．20（B）in mixed surface．　This figure shows the

inverse relationships between MSS data and total water storage

（SW）．

Table ll shows regression results of soil moisture and

Landsat MSS data．　The correlation coefficients between MSS data

and soil moisture（SW）for the bare soil varied from　－0．77　t0

0．89，and for the mixed surface，from　－0．69　t0　－0．82．
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For these statistical analyses，Predicting variables with

Sma11est prediction sunOf squares（PSS）（Okuno et a1．，1976）and

Standard error of estimation were alternatively examined．Tablell

Shows that the correlation coefficient was somewhat higher for the

bare soil than for the mixed surface．　＝n consideration of the

Size of the values of Table　9′10　andll，COrrelation coefficients

between soil moisture and Landsat MSS data were somewhat lower

than that between soii moisture and airborne MSS data at　9：30．The

fo110Wing equations were derived from thelowest estimation error

and significance of t－Vaiue：

LnSW EXP　＝　6．600　－　0．254　X Band　4　　　　……‥（36）

（R2　＝　0．79，Standard error of the residuals　＝　0．339）

LnSW COM　＝　5．868　－　0．213　X Band　5　　　　……‥（37）

（R2　＝　0．68，5tandard error of the residuals　＝　0．348）

3．3．4　　Estimation of soil moisture with Landsat TM data

Figure　2l shows the relationships between totai water storage

（SW）and TM visible and near ZR data obtained at about　9：30．

Figure　21（A）shows the inverse reiationship between SW and

SPeCtral reflectance in bare soil，and Fig．21（B）for mixed

Surface．　Table12　Shows that the correlation coefficient between

them varied from　－0．43　t0　－0．95　for bare soil，and from　－0．54　t0

0．87　for mixed surface．　＝n both cases，　the correlation

COefficient was somewhat higher for bare soil fieids than that for
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mixed surfaces．　The prediction errorsin the regression equations

based on the spaceborne TM data are very similar to those of the

airborne MSS data．　This was due to the relatively smailer pixel

Size of TM data．　The f01lowing equations were derived from the

lowest estimation error and significance of t－Value：

LnSW EXP　＝　9．570　－　0．274　Band　2　……………（38）

（R2　＝　0．91，Standard error of the residuals　＝　0．270）

LnSW COM　＝12．939　　－　0．168　Band l　…………‥（39）

（R2　＝　0．75，Standard error of the residuals　＝　0．386）
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4．　　Soil moisture maD and its aT）t）lication

The soil moisture maps were produced for several areas such

as the Kujukuri coastal plain′　Tsuchiura，and the　01dJoban coai

mining area，uSing airborne and spaceborne remote sensing data．

The procedure for mapping consists ofl）discriminant anaiysis，2）

COmputer maPping and　3）0Verlay operation methods．　These soil

moisture maps have also been applied to mapping geOmOrPhologiCal

Characteristics and potential wind erosion．

4．l Soil moisture distribution mapping

4．1．1　Data analysis for computer mapping

（1）　Land cover discrimination

Land cover types were obtained from a broad area in the

Kujukuri coastal plain．　samples of these MSS－data and codes for

identifyingland cover were stored on computer．Using these code

nuhbers，SamPies of MSS data were grouped．　Samples of spectral

reflectance of161and cover categories and CCT count in each

PiXel were usedin discriminant analyses．With this discriminant

analysis，One PiXel of CCT data was ciassified int0　0ne Of the

land cover categories based on the properties of the surface

SpeCtral reflectance．　Each sample of land cover type had the

Shortest Mahalanobis，s generalized distance（D2）（Okuno et al，
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1976）．Mahalanobis，s D2　Statistic can be used to group objects or

to discriminate between groups（Clark and Hosking，1986）．

The distance D2is defined as f0110WS：

Dα2（k）＝∑∑vlコ（Ⅹα1一夏土（k））（Ⅹαj一計k））…（40）
i＝1j＝1

where D2is Mahaianobis，s D statistic．　vij，Within　－　grOuP

Variance－COVariance matrixinverse・　Ⅹαi－Xi（k）′　the deviation from

Sampie means for the group・αi on thei－th variable・and Xa了

毛（k）′the same f。r the j－thvよriabie・Zf Dα2（k）minhas the sh。rteSt

distance，One Pixel data can be clustered into group k．　Each

Da2（k）min has・αprObability of deviation from the group mean・This

PrObabilityis used for the restriction of the clustering．Zf

Da2（k）min≦X2（p′α）・We Ciassify the pixelinto group k・＝f Da2（k）min

〉　x2（p，α）．the pixelis classified as an unclassified group．　The

PrObability value（α）was assumed to be　5　％in this study．

Land cover was automaticaily mapped using an eiectronic

digital computer through these discriminant analyses．The code of

Classifiedland cover and MSS datain each piXel were fed onto

another magnetic tape and a hard disk．

Such land covers as pasture，Pine treeS，Japanese cedar

trees，dry sand and open water could be precisely classified using

airborne MSS data．　Converseiy，SuChland covers as truck farms′

Weeds，farm houses，Sand′iniand and sea water were successfuily

Classified by the Landsat MSS and TM data．
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Figure　22　　Flow chart of soil moisture and other

thematic mapping．
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（2）Soil moisture mapping

The soii moisture of the area covered by the fiight course

WaS mapped applying Eqs．（29）and（30）to the MSS data obtained at

12：05　0nJan．23，1981．　The thermaiinertia model given by Eq．

（33）was appiied to MSS data obtained at　6：20　and12：58　0n Nov．

15，1985　for mapping SOil moisturein and around　＝yobo vi11agein

the Kujukuri coastal plain．

Equations（36）and（37）were applied toIJandsat－3　MSS data to

map soil moisture distribution over a wider area，and Eqs．（38）and

（39）were applied to Landsat－5　TM datain the southern Kujukuri

COaSヒal pla土n．

The sensor（MSS）cannot detect energy radiated from the soii

Surface beneath vegetation and otherland cover such as buiidings

and asphalt surfaced roads．　Therefore，1and surfaces overlaid

With vegetation，reSidential areas and roads were excludedin the

SOil moisture（SM）mapping．

Land areas with extremelylow moisture（close t0　0　mm）were

assumed to bel rnm for the computer mapping．Conversely′　fl00ded

Or Water Surfaced areas were assumed to be lOO mm of soil

moisture．The flow chart of this mapping SyStem for soil moisture

is presentedin Fig．22．
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4．1．2　　Rujukuri coastal plain

（1）Mapping with airborne MSS data

Equations（29）and（30）Were applied to thermal ZR data to

estimate soil moisture of the bare soil and mixed surface′

respectively．　　Photograph　5　shows the distribution of soil

moisture in the area covered by the airborne MSS flight

measurement in1981．

The Rivers Kido′　Sakuta，Makame，and Nabaki cross the flight

path and flow fromleft（west）to right（east）in the photographs．

Unclassified and excluded land covers were c010red white．　Fl00ded

area and water were colored redin this imagery．　0ther c010rS

Show the values of soii moisture（total water storage）ranging

from l t0　60　mm．＝n most of this area，SOil moisture values were

less than　42　rnm．Since the ground res01ution of the airborne MSS

imageryis　5m x　5m，fine spatiai differencein soii moisture can

be distinguished．　The soii moisture of the area betweeh the

Rivers Kido and Sakuta varied from13　t0　24　mm．　The areas with

SOil moisture below18　mm were widely distributed．　The soil

moisture of the area between Rivers sakuta and Makame varied from

l t0　30　mm．　The northern area around the River Makame showed

higher moisture and some parts of the trough－likelowland between

beach ridges were partly flooded．

The soil moisture of the area between the Rivers Makame and

Nabaki varied from　6　t0　42　mm．Fl00ded fields were frequently

Observed′　eSpeCiallyin and around Zchiba village．0n both sides

Of the River Nabaki，fl00ded paddy fields were observed．
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＼
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Legend

1：unknロWn

2：　0　－　5

3：　6　－1ユ

4：12　－17

5：18　－　23

6；24　－　29

7；30　－　35

8；36　－　41

9：42　－　47

10：48　－

11：Water

（u止t；m）

Photograph　5　　Distribution of totai water storagein the

Kujt血uri coastal plain（Jan．23，1981）．
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The soii moisture south of the River Nabaki was l to　30　mm．

Near the Muttsuno viliage，high soil moisture was recognized．　＝n

the middle part between River Nabaki and Muttsuno viiiage，the

SOil moisture was relativelylower．　The spatial distribution of

SOil moisturein this area was strongly affected by topographic

COnditions．　Areas with higher soil moisture and fl00ded fields

extended between the Rivers sakuta and Nabaki．　wider fl00ded

areas existed on both sides of the River Nabaki．　This area has

heavy subsidence due to gas mining known as Mobara gas．

Higher soil moisture was als0　0bserved in shaded areas of

northwestern parts of forests and buildings and on north－WeSt－

facing sIopes．　Narrow canals covered with weeds were not

distinguished as a high moisture area，because the pixel－data

Withits spectral reference was classified into the other land

COVer CategOries．

Photograph　6　Shows the moisture distribution using the

thermalinertia modei，Eq．（33），eStabiished by the airborne MSS

experimentsin1985．　This narrow area has relativelyiow soil

moisturein the Kujukuri coastal area as shownin phot0．5．　The

area withiow moisture was recognizedin the center and right side

Of the frame of Photo．6．　The area with high moisture developed

in the shallow trough between beach ridgeslocated on theleft

Side of the frame．The soil moisture on the top of the beach ridge

is verylow andin contrast with the trough between the beach

ridges，Which has very high soil moisture．　＝n this area the

moisture distributionis affected by topography．
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（2）Mapping with satellite MSS data

The distribution of total water storage in the Kujukuri

COaStai plainis shownin phot0．8．For mapping the distribution

Of soii moisture，mOdels，Eqs．（36）and（37）．were applied to

Landsat MSS data．

Zn Photo．7，higher moisture areas were also distributedin

Shaded areas andinland parts of the coastal plain．　The shaded

area was recognized on both sides of valleYS and deiis and on

north－facing slopes of hills．　　Soil moisture below　6　mm was

Observed mainlyin the sandy areas of beach ridges（Phot0．7）．

The development of the NNE－SSW linear patterns shown in

Photos．7　and　8Were due to the distribution of micr0－tOpOgraphies

SuCh as emerged bars，Sand spits and dunesin this plain．　Areas

Of Hasunuma，Naruto′　Oamishirasato and Shirako viliages had

higher soil moisture than other areas．　The soii moisture

decreased from Shirako and its vicinity to Kujukuri village．

General characteristics of soii moisture distribution can be weli

explained by considering the regiOnai distribution of ground

Subsidence shownin Fig．23．This map，COmPiled from data bY the

Environmental Department of Chiba Prefecture，reVeals annual

Subsidence data from Jan．1，1979　－　Jan．1，1980　accumulated

Subsidence data from Feb．1，1963　－Jan．1，1980．

For exa叩ple′　area With higher soil moisture and fl00ded areas

are foundin the Zchiba and Aono villages，and the city of Mobara・

＝n these areas，the accumulated ground subsidence for17　years

exceeds　400　mm．
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photo9raph　7

Land cover in the Kujukuri

COaStal plain（J・an・19′1980）．

1：Bare soi1

2：Fl00ded fields

3：PaddY fields

4：二Flooded paddy fields

5：℡ruck farms

6：Weeds

7：二Lawn

8：Reeds

9；Evergreen forests

lO：Farm hous・eS

ll：Dry sand

12：恥t sand
13：Sea water

14；エnland water（pond，r土ver）

15：Concrete roofs

16：Slate roofs

Photo冒raph　8

Distribution of total water

StOrage in the Kujukuri

COaStal plain（Jan．19，1980）．．
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tIa：tlasunuma，工ch：Ichinomlya，Ku：Kujukuri，

Mo：MobaraI Na‥　Narut0I Oh：Oamishirasato，

Shi：Shirako，To：Tpgane

Figure　23　Land subsidencein the Kujukuri coastal plain measured

by Environmentai Department Of Chiba Prefecture．
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F100ded areas are more widespread than areas previously

indicated by Yada et ai．（1975，1976）due to the continuing

Subsidence．　Furthermore，the soil moisture maps can be used to

estimate the spreading of areas that will be fl00ded after heavy

raln．

（3）Mapping with satellite TM data

PhotographlO shows the distribution of soil moisturein the

area covered by the Landsat TM measurement in1987．　Models，

Eqs．（38）and（39）．Were appiied to Landsat TM visibie and near ZR

data and the land cover map　（Phot0．　9）　obtained from the

experimentin the Kujukuri coastal piain to estimate totai water

StOrage．

The soil moisture map using the Landsat TM data covers a

SOmeWhat narrower area than that obtained from the Landsat MSS

data．　Therefore，the array of1536　pixels x1536　Pixels of TM

data were used to show the distribution of the soil moisture in

the southern Kujukuri coastal plain．

The Rivers Kuriyarna′　Kid0．Sakuta，Makame．Nabaki，Zchinomiya

and Zsumi flow fromleft（west）to right（east）On this map．

C010r coding in the unclassified group and fl00ded area was

expressed the same way as that of the MSS data．　0ther c010rS

Characterize soil moisture（total water storage）ranging froml t0

60　rEm．Zn general，SOil moisture less than　42　rnm was widely

Observed as shown in phot0．10．

Since the ground res01ution of theimagery of spaceborne TM

is　28・5　m x　28．5　m，relatively fine spatiai difference of soil
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1：Unclassifiedland cover

2；Paddy field5

3ニ　TruCk farms（cabba9eS）

4：Evergreen forests

5：GraSSeS

6：二Lawn

7：Coniferous forestS

8：Bare soil surface

9：Silt

lO：Flooded paddy fields

ll：Sea water

12：工nland vater（poJld．river）

13；■Tile．slate and concrete roofs

14；Asphalt

15：Greenhouses（plastic greenhouSeS

and91aSShouse重り

Phot09raph　9

Land coverin the Kujukuri coastal plaln（Feb．14．1987）．
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photograph lO

Distribution of total water storagein the

Kujt血uri coastal plain（Feb．14．1987）．
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moisture can be observed．　The soil moisture north of the River

Kuriyama usually varied froml to　32　mm．　Fl00ded areas were

recognizedin the uppermost part of the frame of Phot0．10．　The

area between Rivers Kuriyama and Kido had soil moisture ranging

froml t0　30　m．　Fl00ded areas also developed south of River

Kuriyama．The soil moisture varied froml t0　30　mmin the area

between Rivers Kido and Sakuta．　Soil moisture below　24　mm was

Widely distributed．　The soil moisture varied from l to　24　mm

between Rivers sakuta and Makame．　Both sides of the water channel

Of thelower basin of the River Makame showed higher moisture and

SOme PartS Were fl00ded．

Soil moisture between the Rivers Makame and Nabaki varied

from　6　t0　42　mm．　Fl00ded fieids were observed in the iower basin

Of River Nabaki．　The inner part of this alluviai plain also

Showed high moisture．The soii moisture between Rivers Nabaki and

Zchinomiya ranged from　6　t0　30　rnm．　South of the River　＝Chinomiya

the moisture varied froml t0　30　rnm．　The density siicing on the

false c010r imagery excluded the shaded areas and the water

Surface clustered into sea water．　Therefore，Water Surface

Clustered into sea water was not distinguished as a high

moisture area．

Areas with higher soil moisture extended between the Rivers

Nabaki and Zchinomiya．　This photograph does not show the wider

flooded areas on both sides of River Nabaki，and thelower soil

moisture areas that were observed on the sandy beaches of this

plain on field surveys or other maps．　Soil moisture below12　mm

WaS Observed mainly on the surface of swells，andit shows the
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development of NNE－SSWlinear patterns due to the strike of micro

topographies as observedin Landsat imagery．Thus．the spatiai

distribution of soil moisturein this area was strongly affected

by topographic conditions．photograph lO shows that the soil

moisture distribution is concordant with that of ground

Subsidence．　As stated above，areaS With higher soii moisture and

Small f100ded paddy fields are foundin the western part of　＝chiba

Village．Nevertheless，these regiOnal characteristics do not

appear clearlyin the eastern part of Mobara and the northern part

Of　＝Chinomiya On theimagery obtained from the measurements on

Feb．14′1987．　Thisis mainly due to theland reclamation and

houS土ng．

4．1．3　　Tsuchiura and its vicinity

Photographll shows theland coverin and around Tsuchiura．

Bare soils were dominantly distributed on the a11uviallowland of

the River sakura and onits surrounding diluvial upland area．

Relatively wider areas of bare soil were observedin Tsukuba，8　km

WeSt Of Lake Kasumigaura．This was due tointensive spreadingin

the area of urbanizationin the beginning of the1980S．

Photograph12　shows the distribution of soil moisturein and

around Tsuchiura．Distribution of soil moisture was mapped using

Eqs・（36）and（37）which were developed for the Kujukuri coastal

plain・　Photograph12　shows that total water storage higher than

30　rrm was mainly observed along shallow valleysin upland areas．

The soil moisture of those upland areas varied from　6　to　24　mm
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Photo9raph ll

mnd coVer atでsuchiuだa and

its v五cinity（Jan．19，198・0）．

1：Bare soi1

2：Flooded helds
3：pad。y fields

4…　Flooded paddy　軋elds

5；・Truck fams

6：Weeds

7；Lawn

8：Reeds

9：Evergreen forests

lO：F．arm houses

ll：Dry sand

12；Wet Sand

13：Sea water

14：Zniand water（POnd，river）

15：COnCrete rOOfs

16：Slat・e rOOfs

Phot09raph　12

Distribution of total water

StOrage at Tsuchiura and

its vidnity（Jan．19．1980）．
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exciuding the shaded slopes，While soil moisture of thelowland

fields varied from　24　t0　42　mm．

The area surrounding the River sakura and back marsh north

WeSt Of Tsuchiura showed high soil moisture．Unreclaimed swampy

parts were also shown as fl00ded area．Furthermore，the moisture

in the lowiand along the northern coast of the estuary of

Tsuchiura・iri was higher than　30rnm．Particularly，areaS With soil

moisture over　30　－　42　mm were found mainly in swampy iowland

fields after harvest of lotus r00tS．Areas with higher soil

moisture were also found on north and west facing slopes of hiils。

Smali ponds distributedin these areas were also recognized as

higher moisture areas．

4．1．4　　01d Joban coal mining area

Photograph14　shows the distribution of totai water storage

in the　01dJoban coal mining area．　Models，Eqs．（36）and（37），

Were aPPlied to Landsat MSS data and the Land cover map（Phot0．

13）for mapping soil moisture．　Areas with higher soil moisture

Were Observed on the west side of the mountain divide running

SOuthward parallel to the coast．　This was also due tointensive

Shading by the mountain sides．　The soil moisturein this area

Varied from O t0　48　rnm，Whiie that of the alluviallowland varied

from O t0　30　mm．

An area with higher soil moisture was also observed south of

Waku villagein a hilly upland area because of the existence of

many north－facing siopes．　The map shows that soil moisture was
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Photo9raph　13

Land coverin the oldJoban

COai mining area（Jan．19．
1980）．

Bare soil

Flooded fields

paddy f土elds

4‥　Fl00ded paddy f土elds

5；℡ruck farms

6：Weeds

7：1awn

8：Reeds

9‥　Evergreen forests

lO：Farm houses

ll：Dry sand
12：恥t Sand
13；Sea water

14：Znland water（pond．river）

15：Concrete roofs

16：Slate roofs

photo9raph　14

Distribut土on of total water

StOrage in the oidJoban

COal min土ng area（Jan．19．

1980）．
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higher in the village of Waku than in the area east of the

Village．　＝n and around Waku，1and subsidenceis stili continuing

after severe depressions due to mining，however．swampy paddy

fields with higher soil moisture were not clearly recognizedin

thisimagery．

4．2　　Application of the soii moisture map to the

geomorphological mapping and potential wind

erosion mapping

4．2．1　Significance of automatic geomorphologiCal
●

mapping

Landforms have been classified using two approaches．The

firstislandform division based on orogenic processes and the

StageS Of the Davisian geographical cycle，Which characterize the

development of thelandform．　Thisis based on the elevation and

inclination of sIopes of the landforms．　The other is a

Classification of topographical units constructed using many

Slopes and planes．　These constructed units are then grouped

SyStematically．

Both landform classification approaches are based on the

COnCeptS and complete knowledge of geomorph010giCal back ground・

Therefore，One Who has no understanding in this area can not

Classify landforms and even if one has some background of

geomorph01ogy．　the resuits of the ciassification may be

influenced by the quality of information obtained from

Observationsin study areas．Conversely．automatic classification
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Can lessen individual differences in the mapping after

determination of the standard value or procedure．

Medium and large scale topographical maps are used for

tracing the direction and curvature of contourlines．　＝nclination

and area are measured by the elevation and space between two

COntOur lines．　Therefore，medium and large scale maps such as

l：25，000　andl：50，000　topographical maps，are neCeSSary for map

reading and morphometry in the geomorph010giCai mapping．

Unfortunately′　theselarge scale maps have been constructed only

for restricted areas of the world．Therefore′　efficient mapping Of

geomorphoiogiCal classifications can be done without these medium

andlarge scale maps．

Except the development of micro－tOPOgraphy′　the smallest

topographical unit is usually expressed by a dimension oflOO m x

lOO m on al：50，000　topographic map．　AlOO m xlOO m measurement

is only　2　mm x　2　mm on the map and areas smaller than these

measurements ofland can not be expressed as patterns on the map．

These topographical units are suitable to map on medium scale

topographic maps such asl：50，000　andl：25，000　scale．　The ground

resolution of Landsat MSSis　57　m x　57　m（in the case of TM　28．5　m

X　28．5　m）after the geographical correction by NASDA．These

topographicai units can be plotted with the scale similar to that

Of mediumSCale geomorphological sketch maps．　Furthermore，these

maps can be easily compiled by the automatic procedures to make

maps of small scale．

Recently，photointerpretation of air photographs has been

introducedinto classification schemesin addition to map－reading
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and field work．This procedure was widely usedin the study of the

Classification．　Even using this procedure，Classification of

topography is impossible without geomorph010giCal knowledge，

information ofimageinterpretation and field work．　Furthermore，

reievant information must be seiected for the ciassification

because an air photographincludes complete visibleinformation of

Part Of the earth，s surface．　＝n detaiied photo－interpretation，

Characteristics such as shape，Pattern，StruCture and texture on

the photograph should be recognized．The stereoscopiC Vision and

the quantitative analyses of elevation are necessary，eVen though

the monocular vision method enables the distinction of

topographicai development．

Zmagery obtained using a camera system has usually been used

for photo－interpretation．＝t should not be used to process broad

areas of the earth，s surface，however，because oflittie variation

in the brightness of photographic films due to individuai

deveiopment procedures．Brightness variations can be observed both

扉hen comparing separate photographic films，and also′　between the

Center and the margins withinindividual fiims．　ConverselY，CCT

data obtained using a digital scanning system havelessinstrument

error and fewer brightness changesin and around the nadir point．

Zts digital processing and automation of quantitative analysis

enable efficientinterpretation．　Map compilation based on this

automatic processingis easier than mapping by hand plotting data・

Therefore，autOmatic mapping shouid be used for efficient

Classification of geomorphologiCal units．
1
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4．2．2　　　Automatic geomorphological classification

For evaluating the feasibility of automatic mapping，

topographical units of the Kujukuri coastal plain are classified

by map－reading，photo－interpretation and field observations．

（1）　Geomorphological classification

Figure　24　Shows twelve ridges of emerged sand bars，beach

ridges and dunes parallel to the shoreline．　Theselow undulated

SWe115　are distributed in the most inland part of the plain．

Swells′　SuCh aslines Z t01ine v＝＝，are Wider and have flat top

Surfaces compared withiines vH＝　to X＝Z．　As Moriwaki（1979）

reported′　dune sandis distributed on the top of each ridge．　＝n

these swells（lines　＝　to VH），paddy fields have sometimes been

Cuitivated after the removai of dune sands．

IJines v′　VH and XH formed by emerged sand bars，ridges and

SeVeral spit－likelandfbrms are mainlyin the central part of the

plain．　Trough－1ikeiowland betweenlines H＝　and ZV are parallel

to beach ridges．　Thelowland betweenlines v and VZis somewhat

Wider than that between lines　＝＝＝　and　＝V．

（2）Automatic classification of topography

Padd’y fields are usuallylocatedin the trough－likelowiand

and back marshes．Therefore，eVen after harvest time，　Paddy

fields show higher soil moisture than upland fieids．　Converseiy，

upland fieids are observed on such swells as naturallevees and

beach ridges．　Therefore，SuChiand uses as upland fieids and
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Figure　24　GeoTnOrPhologlCalclassificationmapin亡he

Kujukuri coastal plain．
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paddy fieids are closeiy correlated with the deveiopment of micro－

topographiesin alow undulated a11uvial plain．

Zn photo－interpretation，One Can Classify the surface based

0n theinclination and elevation of the surface with stereoscopiC

Views of photographs．　Since the area with high moisture shows

dark and dry soii showslight c01or，thelow undulated surfaces of

micro－tOPOgraPhy are empirically traced by the density in

black／white film or c01or film．　　Therefore，　Variation in

photographic densityis one of theimportant elementsin photo－

interpretation．　The surface reflectancein visibie and near ZR of

MSS CCT data can be objectively analyzed by a photo－densitometer．

＝n the case of bare soil，the variations basicallY depend on the

relationships between micro－relief and soil moisture．　Tarnocai

and Kristof（1976）tried to ciassify automatically the topography

based on and ground truth data and spectrai response ofIJandsat

MSS da亡a．

＝n the alluvial plain′　the soil moisture is iower for the

Surface of swells than for trough－like lowlands．　Therefore，

evergreen groves，farm houses and upland fields are usua11y

developed on surfaces of swells．　Forinstance，truCk farms and

evergreen groves are on swells such as beach ridges and elevated

Sand bars in the area from Kujukuri t0　0amishirasat0．　Paddy

fields arein the trough－likelowlands between beach ridges as

Shownin Fig．24　and Phot0．7．　At the mostinner part of this

plain near the cities of Mobara and Togane，reSidentiai areais

mainly distributed on thelow a11uvial plain．　Therefore，in the

Kujukuri coastal plain′　the spatiai variations of the soil
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moisture can be detected by the spectral reflectance．

Topographicai units，SuCh as swells and troughs，Can be classified

by map overlay operations ofland cover，SOil moisture maps and

density slicing．

Topographical developmentis also recognized by shapes and

distribution patterns which are paraliel or oblique to the

direction of other units such as shorelines，river channels and

Cliffs．　　Since automatic recognition of the shape of the

topographyin the terrainis very difficuit，　the topographical

units cannot always be distinguished by quantitative data

PrOCeSSing．Therefore′　the data processing bY man一maChine

interactionis necessary for the classification．　The distribution

pattern and relationships of topographicai units were recognized

by the photographic patterng，SuCh as direction and shapes．　0ur

Preliminary procedure of the automatic classification can reduce

ioad and time of data processing such as hand－Plotting of data and

map comp土1ation．

The automatic geomorph010giCal mapping WaS COnStruCted by

Similar procedures to those utilizedin the previous section．　The

density slicingis based on reference values．　＝n the first step，

based on the above mentioned relationships betweenland cover and

topographical development′　fifteen categories ofland covers were

Clusteredinto the f01lowing six groups ofland cover：

1）bare soil and mixed surface or sparsely vegetated surface，

SuCh as bare soil，bare soil（with row of straw buried at one

meterintervals），bare soil after radish harvest，Paddy fieids

（with stubble），　partly fl00ded paddy fieids，　frozen paddy
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fields，and frost covered paddy fields，SWampy Surfaces after

lotus r00t－harvest，and mossy paddy fields；2）dry sand such as

dry sand and blackish gray sand；3）sea water；4）inland water，

SuCh asiniand water and flooded fieids；　5）vegetated area′　SuCh

as truck farms，and upland fields with weish onion．barley

（SprOuting），　Weeds，lawn，　reeds，　and evergreen grove′　6）

residentiai area such as farm houses，COnCrete buiidings and

Slate－rOOfed houses．

Group l and　2　was divided into emerged beach ridges and

SWamPy lowland．Sandy beaches can be easily ciassified by the

location and direction of sand ridges．　These bare and mixed

Surfaces consist of areas with high and iow soil moisture．The

humidity of the earth，s surface varies with the surface

topography．　Therefore′it can be clusteredinto two ciasses based

On the reference value of soii moisture，and one can assume that

SWells havelow moisture and sha110W trOughs have high moisture．

The separation value for the classification of swell and sha110W

troughs is assuned to be14　mm of totai water storagein this

Study．　The precise classification does not always depend on this

Value，　because the soil moisture changes gradualiy from piace to

place．

Group　5．vegetated area，is usuallY Classifiedinto emerged

beach ridges because the development of truck farms and upiand

fields are usually found on the top of swellsin the alluvial

plains．Vegetation as reedsin swampylowland and river banks・

Group　6is classifiedinto emerged beach ridges，because the

residential areas，eSPeCially farm housesin this plain，have been
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COnStruCted on the dry ground′　SuCh as the surface of sweils．

Therefore，the above residentiai areas can be clusteredinto dry

land，SuCh as emerged beach ridges．

Ultimately′　these topographiesin the Kujukuri coastal plain

Were Ciustered into the following five categories：l）emerged

beach ridge，Sand bar and dune，2）sandy beach′　3）swampylowland

and back marsh′　4）inland water and　5）sea water．Table13　Shows

averaged spectral reflectance of each topographical category．

These values are aiso shomin Fig．25．

Table13　Averaged spectral refiectance of each

topographical category．

Topographical category Spectral reflectance （CCT　count）
Band　4　　Band　5　　Band　6　　Band　7

l）Emerged beach　ridge 16　　　　　 15　　　　　 18　　　　　 17
2）Sandy beach 22　　　　　　 20　　　　　　 19　　　　　　 13
3）Swampy lowland 11　　　　　　 7　　　　　　　 6　　　　　　　 5
4）＝niand　water 12　　　　　 10　　　　　　　 9　　　　　　　 7
5）Sea　water 10　　　　　　　 5　　　　　　　 2　　　　　　 1

Photograph15　shows the distribution of these classified

topographies．　Emerged beach ridges，Sand bars and dunes are shown

as swells between these trough－likelowlands．

Sandy beaches developed along the shoreiine near Mobara and

in thelower reaches of the River sakuta．　Trough－1ikelowlands

run parallel with shoreline．　particularly，they were densely

distributedin the northern（upper）part of this frame．Giant

CuSPS，CuSPate delta－like topographies and offshore bar were found

along the shoreline．　The offshore bar near the mouth of the River



PhotOgraph　15

GeolnOrphologlcal mapln亡he80uthern

Kujukurまcoas亡al plaln・

1；EmeT各ed bead－Tldge●　Sand baT

and dune，

2：Sandy beach（lmCludlT嶋OffShore

baT），

3；Swampylowland and back孤arSh，

4；Inland wa亡er；rlver and pond

（lnCludh嶋nOOded areaB），
5；Sea wateT．
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Makame was includedin this category．　Air photographs in this

area show that cuspate delta－like topography near the jetty of

Katagai harbor at the mouth of the River sakuta was formed after

1974．　The formationis mainly due to the accumulation of sand

drifted by littoral current and of sand dredged at the port

entrance．　According to the digital maps，　the iength of the

intercusp spaces of giant beach cusps along the shoreiine varies

from165m t0　495m（three to nine pixels）．Thelength of the horn

Of cusps ranges from　55m t0110　m（one to two pixels）．

At Shirak0．Kujukuri and Hasunuma，houses with dense w00ds were

Clustered into evergreen grove in discriminant analyses．

Therefore，theland cover discrimination of farm houses and other

residential areasin these areas was difficultin the analYSeS Of

Landsat MSS data．　Converseiy′　these houses were more clearlY

distinguished in the Landsat TM data because of smaiier ground

resolution．

Swampylowlands distributedin and around Togane，Naruto and

Mobara werelocatedin the mostinland part of the plain．　They

Were also recognizedin the northeastern and southeastern parts of

the map．　Some areas on the Shimofusa Upland were classified as

SWamPylowlands．　Thisis mainly becauselawnin g01f courses was

Clustered into weed，Which is usually distributed near the

riversides where thereis usually swampylowland．　Categories of

inland and sea water showed the development oflag00nS near the

Vi11age of Chosei and fl00ded areasin shirak0．
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4．2．3　　　Automatic mapping of potential wind erosion

The distribution of potential wind erosion is mapped using

the soil moisture map and the wind erosion model．　＝n winter．

SeVere Wind erosion has occurredin upland andlowland areas of

Kanto′　Tokai and Hokkaido Districts．　The erosion especiailyis

SeVerein the Kujukuri coastal plain．

Since the beginning of cuitivation by the agrimotor around

1965′　Paddy straw have been buriedin bare upland fields to reduce

Wind erosion and to fertilize with organic matterin this area．＝n

addition to these agricultural techniques，after the mid1970，S，

Water Sprinkling has been applied to fields to increase soil

moisture and to reduce sand drifting by wind erosion．　The higher

moisture effectively reduces soil erosion．　Thus，Water Sprinkling

is a usefui method for reducing soii erosionin winter．

Under a constant wind speed of lO m／sec，the relationship

between moisture and wind erosion was examined byJ．Strendansky

（1981）using a wind tunne1．　0ne of Strendansky′s models was

applied to the soil moisture map for evaluating potential wind

erosion．　The soil erosion map was drawn automatically by the

Same method of computer mapplng described in section　4．1．2．The

f0110Wing equation for estimating v01ume of soi110SS WaS Obtained

by Strendansky（1981）．

So土110SS＝0．747exp－0・236SV　…………‥（41）

（wind speedis assumed to belOm／sec）
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Where SVis mass wetness（％）and wind speedis assumed aslO m／

SeC．　Soii loss is volume of the potential wind erosion

（kg／m2／hour）．

The v01ume Of potential wind erosion can be easily evaluated

by a soil moisture map based on the model．　Photograph16　Shows

the potential wind erosion mapin and around the village of Zyobo

in the Kujukuri coastal plain（same scene as Phot0．6）．　Wind

erosion can be estimatedin each piXei on this map．Furthermore，

the v01ume Of wind－erOded sand can be calculated for all or part

Of theimagery．

Wind tunnei experiments of wind erosion usually oversimpiify

SurrOunding conditions．For example，Wind blowing over fieidsis

fluctuating in speed and direction，While windin the tunnei is

artificialiy contr011ed．Hence．the results of such experiments

may not be directly applicable to field condlitions．Nevertheless，

as the preliminary examination，the author attempts to appiy the

Strendansky′s model to the soil moisture map for estimating

potentiai wind erosion．　＝f the wind speedis fixed atlO m／sec，

the v01ume of the potential wind erosion can be easily evaluated

by the application of the model to the soil moisture map．

The differencein wind properties between fields and the wind

tunnel hasimportant effects on wind erosion of soil．　Zn spite of

imprecise aspects，the model derived from the wind tunnel

experiments can be applied to estimate the potentiai wind erosion

Of soilsin the first step of the estimation of wind erosion．
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5．　　Discusslon

（1）　Variations in soil moisture

Soil moisture decreases curvilinearly during a dry spell。

Small periodic changesin soil moisture were superimposed on such

CurVeSin drying COnditions．The daily depression of soil moisture

at　5　andlO cm depths decreased for many days after rainfall．

Based on the experiment at the air monitoring station．it was

found that three to seven days after rainfail，SOii moisturein

the surfacelayer approximated an equilibrium regimein which soil

Waterlossis offset by water supply from a deeper soillayer．

（2）Soil moisture estimation with thermal parameter

The estimation parameters such as surface temperature（Ts），

diurnal ampiitude of Ts，daiiy difference between air temperature

and Ts，dS／dTs and thermal inertia have been proposed for the

SOil moisture estimation．　　　＝n the early stages of the

examination，these relationships were sometimes evaluated by using

advantageous datai．e．，high temperature data withiow SM andlow

temperature data with high SMin order to try to obtain a g00d

COrreiation．Before the1970，S，real surface temperature couid not

be used because there were no thermal　＝R radiometers，therefore′

the soil temperatureimmediately below the soil surface was used

as surface temperature．
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Therefore，the author examined precise relationships between

SM and Ts using data obtained from the experimentai fieid of the

National　＝nstitute for Environmental Studies（N＝ES）．

An appropriate time period for the soil moisture estimation

WaS aiso examined because time periodsin previous studies were

not considered．

The estimation error of the regression model obtained from

airborne MSS experiments during the period from　9：35　t012：05　0n

Jan．23，198l was somewhatlarger than that for the other periods

（7：05－9：35，7：05－12：05）．The soii surfacelayer was very moist

during the period from　7：05　t0　9：35′　because of theincrease of

SOil moisture caused by the thaw ofice needles formedin soil at

night，and drying OCCurred throughout the period from　9：35　to

12：05・　Under these conditions，the model haslarger prediction

errors．Thus the parameter d◆S／dTs during the periods　7：05－9：35　and

7：05－12：05　can be clearly used to estimate soil moisture．

Soil moisture and evapotranspiration have also been

investigated using both visible and thermal　＝R data，the

difference between Ts and air temperature，and parameters using

the minimum and the maximum surface temperature．Since these

parameters change with time and seasons，these models areless

applicable．　Though theimprovement for theinadequate parts of

these models have been attempted byintroducing the normalized

rising rate of Ts by net radiation，the model was alsoinfluenced

by seasonai changes．
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（3）　Soil moisture estimation with thermai inertia model

As mentioned before，　for the evaluation of the thermal

inertia（T＝），there have been two different approaches．0neis the

iterative calculation method．　The other is an analYtical

approach．＝n the iterative calculation，heat balance and heat

transfer equations were s0lved repeatedly for various sets of

albed0．Surface roughness，Surface humidity′　thermal conductivity，

and surface temperature．＝n this approach′　reiationships between

albed0．thermal inertia and soil moisture were examined to create

Charts in order to avoid enormous individual calcuiation time．

Watson，S theoretical examination still included some iterative

SOlution methods for the determination of some parameters（Watson，

1971，1975，1982）．＝n some approaches based on one dimensionai heat

transfer and a heat balance model，SOme heat baiance terms were

excluded．For example，the iatent heat fiux and the soil heat

flux over a　24－hour period were ignored（Kahle et al．′　1984；

Price，1980）．Price，s apparent thermalinertia（ATZ）was not based

On the physical and mathematical s01ution．but on theiteration

method（Pr土ce′1985）．

Ho（1987）Obtained the Tl using the first harmonic of the

Variation of the surface temperature curve．Some estimation

ParameterS Of heat balance terms for bases of his soil thermal

model were derived from regression analyses．

As above，regreSSion analyses were sometimes applied to

evaluate latent heat flux or sensible heat flux in some models

based on both of the iterative calculation and anaiytical

approaches．Thus，preVious investigators have not successfully
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obtained a mathematical s01ution for the evaluation of thermal

inertia based on one－dimensionai heat transfer and heat baiance

models on the earth，s surface．Previous modelsincluded t00　many

COmplicatedinput parameters such as atmospheric correction and

Other subjective parameters，and the least square method was

easilY aPplied to the data for the evaluation of the parameter。

Furthermore，eSSential parameters of the heat balance model were

sometimes excluded in their models．As a result of the omission of

these parameters，thermal inertia（TZ）was used simultaneously

Wlth albed0．

The author obtained the mathematical s01ution for the

evaluation of T＝　as shownin Eqs．（15）．（20）and（28）（Utsunomiya

and Yamaguchi′　1986，1987　and Utunomiya′　1988）．Therefore，the

albedo was logiCally and phYSically adopted as one of the

parameters in the thermai inertia（T＝）modei in this study．

Naturaily′　the albedo and T＝　should not be combined and used

Simultaneousiy．　Though g00d relationships between thermal terms

SuCh as albed0．TZ and SM were obtained，these non－physicai

procedures should not be used for the evaluation of the value of

the thermal inertia．

Though Kahle（1977）adopted a ground moisture factor for the

evaluation of theiatent heat flux．the estimation procedure for

this parameter was not described．Mostinvestigators haveignored

reiative humidity of soil surface or usedit inappropriatelY・

Sometimes，the relative humidity was assumed to be saturated（1．0）

and uniform throughout the study area．　This assumption for the

relative humidity of the soil surface overestimates the v01ume of
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the evaporation from soil surface．　Zn order to avoid this

OVereStimation，the parameter of reiative humidity（P）of the

earth，s surface must be included in these calculations．　Relative

humidity of soil surface（P）based on the heat balance method

COuld not be evaluatedin airborne and other spaceborne remote

SenSing，because there was no apriori value forlatent heat flux．

Thus，it must be estimated using multispectral refiectance which

depends on the moisture of soil surface．　This parameter is

introduced into the author′S thermal inertia modei by the

normalization of the albed0　0f soil surface as shownin Eqs．（15）

and　（28）．　　The author′s advantage of this procedure is

normalization of the aibedo，Which avoids the variations of the

reiationships of albedo and soil moisture with time．

As shownin Fig．17，the total water storage was iinearly

COrrelated with thermai inertia．　This is due to the normalization

using both net radiation and Ts，Whoseintensities change with

time．　The variations of eachintensity are canceied as shownin

the first term of Eq．15．

As expiained above，SOme ambiguitiesin the previous methods

Of the evaluation of the thermal inertia have been eliminated．

Then，a mOdel based on thermal inertia for the moisture estimation

in a shallow soillayer．atleast O t0　5　cm depths，WaS deveioped

in this study．

Since the quantitative relationship between T＝　and SM had not

been clarified′　a regreSSion analysis was applied to the soil

moisture evaluation only after the estabiishment of a mathematical

S01ution for the thermalinertia modelin this study．
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＝n these regression analyses，the values of coefficient and

COnStant termS Of regression equations obtained from the

experimental field were different from those for the equation

Obtained by airborne MSS measurements．This was due to differences

in the porosity and mineral components of the two kinds of soil．

＝n spite of these discrepancies，both of these equations had

Similar coefficients and constantsin the regression equations．

Therefore，the thermalinertia model for estimating soil moisture

Can be applied to the remote sensing data for soil moisture

measurements．

For this remote sensing，－SOil components such as porosity and

minerai／Organic matter of soilin the Kujukuri coastal piain were

assumed to be constant．　Realistically′　these soil physical

elements vary with thelocation．　For example，SWampY lowland

between beach ridges generaily consists of somewhat peatY SOil，

and the apparent dry bulk density varies with the kind of soil．

Furthermore，eVenin the same piace，the porosity can vary with

time．

The value of albedo was not physically examinedin previous

remote sensing studies except by Gi11espie and Kahle（1977）．True

albedo could not yet be evaluated′　because of thelack of ground

truth data．　Pratt and Eiiyett（1979）used oniy the refiectance

derived from panchromaticimagery for the value of albed0．　Pohn

et al．（1974）and Gillespie and Kahle（1977）used only the

refiectance of visible and near　＝R data from MSS data．

Gillespie and Kahle（1977）Obtained the aibedo by weight

function using a narrow range of the airborne MSS visibie and near
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＝R data（0．33－1．07　pm）．They used no giobal radiation and surface

refiectance less than　3　pm．　Znstead，they used the spectral

reflectance obtained by a reflective spectrometer．

Pohn et al．（1974）Obtained reflectivity map from Nimbus H＝

High Res01ution　＝nfrared Radiometer（HR＝R）daytime data on Nov．

11，1969．　Day and night temperature maps was obtained from Nimbus

ZV Temperature Humidity Znfrared Radiometer（TH＝R）data from MaY

15　and May7，1970．　Eight days elapsed between two thermai data

acquisition times．　Thus，　the day and night temperature

differences could not be validly used in their analysis even

though no maコOr Weather front moved through the study area during

this・time．　Furthermore，the reflective map was based on the data

Obtained from a different year．　Thus′　the data had over a　7　month

time gap between the reflectivity map and the temperature map．

The refiectivity map was used in place of albedo．But the

reiationship between spectrai refiectancein such waveienghts as

O．7・1．3，2．3－3．O and　2．4－4．2　pm usedin the Nimbus　＝V HR＝R and the

method of constructing the reflectivity map were not described．

AIso，thermalinertia was practically determined by the empirical

CurVe．　The albedoisindispensable for the evaluating net s01ar

radiation and relative humidity of soil surfacein the thermal

inertia model．

0ne problemin the determination of albedo with the remote

SenSingis caused by the MSS hardware．　Since theincident energy

from the air such as globai solar radiation or spectral energy

CannOt be observed by the MSS，thereis no value to use as the

denominator for calculation of albedo．　Therefore，the albedo
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COuld not help being estimated by the regression equation based on

the reiationships between albedo from the ground truth observation

and MSS visible and near ZR data．

Another problemis narrower spectral regions（0．4－1．06　pm）of

MSS for the albedo estimation．　The exact value of albedo cannot

be obtained because of the decrease of refiectance in near ZR

SpeCtrai regiOnS CauSed by the absorption of chiorophyli of

Plants．　Fortunateiy′　this problem did notinfluence our results，

because the vegetated areas were excludedin the estimation of SM．

One ambiguous probiemis in the diffusion coefficient．Some

PreVious studies ignOred this parameter or assumed it to be a

COnStant．　The other used wind speed and other parameters for the

determination of the diffusion coefficient．　　These methods

required wind velocity and roughness parameters of soii surface，

SuCh as zero dispiacement，Von Karman，S constant，rOughness

length，and Monin－Obkhovlength．

The diffusion coefficient varies from place to piace

according to the regiOnal difference of roughness of soil surface

and wind speed of the boundarylayer．　Therefore，the diffusion

COefficient must be observedin each pixel of MSS data．　Direct

measurement of this diffusion coefficient（K）in each pixeiis not

yet possible because of thelack of such data as surface roughness

and wind speedin each piXel．

The diffusion velocity based on the energy budget equationis

an appropriate parameter rather　ヒhan the diffusion coefficient for

the evaluation oflatent and sensible heat flux（Uchijima，1974）．

Therefore，the diffusion velocity（D）at the ground truth center
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WaS uSedin place of the diffusion coefficient andit was assumed

to be uniformin the study area（512　pixeis x　5121ines）．

The above approaches to evaluate the turbuient diffusion

resistance for heat transport were largeiy influenced by the

Stabie or unstable conditions of the atmosphere．　Many parameters

are required t00btain the diffusion coefficient，and the approach

is rather complicated in remote sensing．　　Wind velocity and

turbulent diffusion resistance can oniy be solved by iteration

techniques for unstable conditions（Soer′1980）．

Some prdblemsin soil physics mentioned above can be solved

by physical andin vitro experimental methodsin thelaboratory

under constant conditions，and not by remote sensing．　Though

SeVeral problems areincludedin the thermal inertia model for

determining moisture，it compares favorabiy with the

Ciimatoiogical and water balance methods．　The remote sensing

Which caninstantaneously observe phenomena becomesless effective

in determining the accumulated value of soil moisture．Therefore，

this surveillance systemis restricted to shorter time periods．

But this weakness of the remote sensing method will be compensated

for by the repeated surveiiiance of the surface．

（4）　Soil moisture estimation with visible and near ZR

data

Reflectance of soil surfacein visible and near ZR wavelength

regiOnS decreases with anincreasein soil moisture．The adequate

relationships between SM and the surface reflectance depend on the

Observation time．　Namely．the correiationin the early morning
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（7：05　AM）was weak．while MSS－data obtained from　9：35　t012：05

Showed relatively good correiation with the soii moisture．　The

Vaiue of the correiation coefficient at12：05　was higher than that

Obtained at　9；35．　The value varied with circumstances from very

Weak solar radiation withlowintensity from the earth，s surface

at dawn to strong s01ar radiation with high intensity of

reflectance at n00n．

The relationship between refiectance and moisture in a

Shaliow soiliayer（0－5　cm）was relativeiy higher for the airborne

MSS data than for Landsat MSS data．　Such weaker relationships

from Landsat MSS data are related to the band－Widths，because the

Width of the radiation band is wider than that of airborne MSS．

The weak correlationis also due to the gapin size between ground

truth plots andinstantaneous fieid of view（＝FOV）of MSS．　The

result wasinfluenced by the var・iation of soil moisture within a

Same piXel of Landsat MSS．These problems will be s0lved gradually

byimprovement of acquisition and handling systems of spaceborne

multispectral data．　Some of the problems such as ZFOV and the

band width of the scanner have beenimprovedin Thematic Mapper

（TM）of Landsat－4　and　5．

The prediction errorin soil moisture estimationislower for

the thermal　＝R data than for the visible and near　＝R data．

Therefore，the thermal ZR datais preferable for the soil moisture

determination．From the water balance method′　Heilman et．al．′

（1977）evaluated evapotranspiration and soil moisture through the

CrOp COVer．　Their estimation equations were not based on the

SpeCtral reflectance of MSS but on the water balancein a semi一
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arid regiOn With somewhat‘sparse vegetations．Therefore′　the modei

based on the water balance modei must be examined on experimentai

data in humid reglOnS，SuCh as Japan and other monsoon areas．

Furthermore，the estimation modeling shouid be developed with

Visible and near rR data′　and thisis expected to be examinedin

future analyses．

Among the regression models using data from visible／near ZR，

thermal　＝R data and T＝　for evaluating moisture，　the TZ is

preferable over the other models．　The T＝　modelis based on the

Physical bases such as heat balance and a one－dimensional heat

transfer modei．　The model with less prediction error is less

influenced by the environment．

The T＝model can be appliedin arid and semi－arid regiOnS and

Other tropical and c001climatic regions．　＝ts applicability

Should be ascertainedin future analyses．　These modeis for the

estimation of soii moisture were examined by using the sateilite

data from the Heat Capacity Mapping Mission（HCMM）′　and more

recently by using NOAA data．＝n previous works using many

COmplicated parametersin theinitial stage，the model，s physical

examination and mathematical s01ution were still used with little

SuCCeSS．　　Therefore，mOSt Of the investigators had failed t0

0btain an analytical T＝　model，and they used the least square

method anditerative calculation by changing the parameter of the

heat balance terms．

The advantage of the TZ model established by the authoris

that the model is based on physics，SuCh as heat baiance，a

transfer model and mathematical solutions．
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（5）Soil moisture mapping

A few moisture maps were madein previous studies．Most of

these maps were constructed by hand－plotting data，nOt by computer

mapping．　Furthermore，SOme Of them showed the distribution of the

SOil moisture beneath the canopy of crops and other structures，

SuCh as roads′　and buildings．There was no exclusion of the soil

moisture beneath these features for land cover．For mapping Of

SOii moisturein this study．SM estimation models were appiied to

bare soil and areas with sparse vegetation such as bare soii with

Paddy straw and paddY fields with stubble．These models were

applied after the exclusion of the areas covered with vegetation

and structures such as roads and buildings．wh01e coverage areas

Of singie map are　2．5　km x25　km with an　＝FOV of　5　m for airborne

MSS，and　35　km x　35　km with an　＝FOV of　57　m for Landsat MSS

Observations．Therefore，the satelliteimagery enables mapping Of

Wider geographical and hydr010giCal phenomena compared to that of

the airborne MSS data，because of the wider coverage and few

instrument errors．

The accuracy of discrimination was not always accomplished by

the airborne and spaceborne MSS／TM data because shaded areas were

Classified into f100ded areas or water surface．　The land cover

discriminationis the first stepin the SM mapping．　For higher

accuracy′　the exclusion of shaded areas has been carried outin

PreVious works onland cover classification．　But the spectral

reflectance in shaded areas never has the same reflectance vaiue

asin sunny places．Therefore，itis quite reasonable to exclude

Shaded areas based on the land cover discrimination．
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On the moisture map shownin Photos．6　and14′　the shaded

area was empirically excluded by a color composite technique from

the visible and near　＝R spectral data．　Furthermore，the density

Slicing procedure was applied to theimage by trial and error．

This method was effective in exciuding shaded areas in this

moisture mapping．However．the water surface was excessiveiy

eliminatedin thisimagery．The separation vaiuein this technique

is not easiiy obtained′　becauseit depends upon theintensity of

Surface reflectancein each scene of MSSimagery．Each piXei of

Landsat MSS and TM data consists of many iand covers with

different optical properties．　For example，One Pixellocatedin

iowland sometimesinciudes smail canais and f00tPaths．The ground

COVer Of each plot was stili assumed to be homogeneous in the

remote sensing study．　　　　　j

Zn the modeiing for soil moisture estimation using Landsat

data，ai ieast′　tWO SamPles of soil moisture obtained from the

area corresponding to the　＝FOV of Landsat MSS or TM CCT data were

averaged．IJand use observations and soil sampling for Landsat MSS

data were made during four days．Therefore，daily changein soil

moisture influenced the accuracy of ground truth data of soil

moisture，Whilein airborne MSS measurement，the soil sampling was

Carried out immediately after the airplane flight．　The soil

moisture variation with time were negligibly smallin the airborne

MSS experiments．

＝n the Kujukuri coastal plain with somewhat simple

topographic units，the distribution of soil moistureis mainly

affecヒed by micro－tOPOgraphies．Nevertheless，the map obtained
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from Landsat MSS shows that soil moisture graduallY decreases

toward the north of the iower basin of the River Nabaki．The

distribution of soil moisture is similar to that of the iand

subsidence areas．The lower basin of the River Nabaki has fl00ded

paddy fields and swampy areas and has subsidence exceeding　400mm

from1963　亡01980．

The comparison of air photographs obtained from two different

years（1974　and1985）shows that these fl00ded areasin thelower

basin of the River Nabaki are still gradually spreading year bY

year．　Theiagoon areaiocatedin the bottom of Fig．23　and Phot0．

8has also spread′　While a part of thelag00n has been recently

reclaimed for housing．　This fact was aiso confirmed by our fieid

SurVey・

At Tsuchiura and its vicinitY，lotus fields have been

deveiopedin the ailuviaiiowiand aiong the northern coast of the

Tsuchiura－iri estuary．　Back marshis observed behind the emerged

bar on which Tsuchiura is located．　Swampy iowland was aiso

recognized on the northern shore of the River sakura．　Soils with

higher moisture are distributedin the alluviallowland along the

northern coast of Tsuchiura－iri and on the northern shore of the

lower reaches of the River sakura．　The distribution of high

moisture in the area is similar to that of the back marsh on the

river plain．

As observed in the lowland field of Tsuchiura and its

Vicinity，10tuS fields show high moisturein winter．　Therefore′

accurate and detailedland use development can be evaluated from

the relationships between soil moisture and iand cover
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distribution of study areas．Thoughitis not always possible to

indicate land use development by soil moisture mapping．SOii

moisture maps can serve as base maps for understanding the land

use as shownin the relationships between thelotus r00t Pianting

area and high soil moisture distribution．

（6）Automatic geomorphological mapping

The soii moisture map can also be utiiized for the

geomorph010gical ciassification．　This study attempted automatic

mapping Of geomorph010giCai units based on the soil moisture map

and land cover map．　Since this procedure has never been

accomplished in previous studies，　autOmatic topographic

Ciassification based on a map overlay technique was attempted．

Zt can be difficult to avoid classification error in the automatic

recognition of shaded areas．　Therefore，　Shaded areas in

mountains，hillyiand and upland areas must be excluded before the

SOil moisture and topographic classification mapping．　Such

topographical units as swells and sha110W trOughs observedin the

alluvial lowiand of the Kujukuri coastal plain can be partly

Classified automatically by the overlay operation method ofiand

COVer and soil moisture map．　　swell and trough－like lowiand

COnSist of partially dry ground and wet ground′　reSPeCtively．

These topographic units in bare soil and paddy fields were

Classified using the separation value of14rnm of soil moisture．

Though thisland classification gave successful resultsin

the classification of the topographic unitsin suchlow undulating

areas of ailuvial iowland′　further studies are needed for the
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determination of more refined vaiues in the classification．＝f

further detaiied evaiuation of the areas could be conducted，it

WOuld heip to eiiminate the rough estimation of the soii moisture

扉hich wasl mm as standard valuein this study．

As Verstappen（1977）pointed out，　SPatial changes of

topographicai units are more gradual than abruptin nature．After

the examination on a grid mesh of lO kmin the Netherlands，he

COnCluded that Landsat MSS data were not suitable for the

geomorph010giCal classification of the study areas．

The author examined the development of terrain features in

the Netherlands on some large and medium－SCale topographical

maps（1：50，000　and l：250，000）．　He has found that the terrain

features consist of broad lowland（polder）′　Plain′　dune and

SOmeWhat narrow hillyland．　Thus′　the terrainin the Netherlands

is somewhat monotonous．and the iand use varies from piace to

place．　＝t was recognized that the quantitative digital approach

to the discrimination of the topographic features based on the

SPeCtral responseisless effectivein such areas．

Verstappen，s conclusionis due to the use of alarge grid

mesh（10　km）．　Alarge grid meshinevitabiy inciudes manyiand

units with different refiectance properties．　Thus，SuCh alarge

grid mesh decreases the correlation coefficient between MSS data

and topographic units．Discrimination of topographic unitsis

usually more difficult than classification of superficial deposit

and material．　　Therefore，　Verstappen，s conclusion on

Classification，regardiess of the relationship betweeniand use

and topographical deveiopment，is quite reasonable in the
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Netherlands．Furthermore，Choice of the appropriate size for the

grid meshisimportant for automatic ciassification．　0ne pixel

（57　m x　57　m）ofI．andsat MSS data used as a fundamental grid mesh

in this studY meanS a Small grid size compared to the grid size

used by Verstappen．＝tis animprovementin the accuracy ofland

Classification．　The reflectance energy from the surfaceis a

COmPOSite of beams radiated from eachland unit with different

physical properties．Therefore′　lith010giCal and mineraiogiCal

Characteristics and their composite ratio are veryimportantin

the analysis of spectral reflectance from the earth′s surface and

topographicai classification（Townshend and Hancock′1981）．

＝n this approach，the respective spectral refiectance of

Surface materiais and the ratio of their composition should be

Clarified by laborious field and laboratory experiments．

ConverselY，the topographical classification based on overiay

OPeration using soil moisture and land cover maps is a useful

approach to reduce this laborious work and time for data

PrOCeSSing．The author′s procedure for the geomorph010giCal

mapping Can be applied for the classification of the micro－

topographies such as emerged beach ridges and back marsh・

Furthermore，Changesin the micro－tOPOgraphies can be clarified

using repeated surveiiiance．

（7）Potential wind erosion map

The soiiioss modei，derived from the experiment using a wind

tunnel，WaS applied to the soil moisture map for potentiai wind

erosion mapping．　The potential erosionin this map was somewhat
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0VereStimated．because the accumulation processin the fields was

Simplified or negiectedin the modei．

Some hazard maps，for such disasters as f100ding，erOSion，

earthquakes andlandslides，have been made by hand plotting data

Obtained bylaborious field work．　The erodibilityin Denmark was

mapped using a computer mapping procedure（Madsen et a1．，1986）。

The mapindicated that the erosion was mainly caused by rain

Showers and melting snow and not by wind erosion．

The soil moisture map can also be used as a base map for

Other thematic mapping．　We can examine the potential wind erosion

indicated by the soil moisture．The mapping Of potentiai wind

erosion based on the soil moisture map has not been carried outin

PreVious studies．　This is due to the lack of soi1－loss models

except Strendansky′s model．Some wind erosion maps have been

COnStruCted using weather datainstead of soii moisturein Tokachi

and Kanto district in Japan．　　These mapping procedures were

SOmeWhat anaiogous to that of the wind erosion mapping．　The

V01ume of estimated soil loss was integratedin somewhatlonger

Periods rather than those usedin our procedure．　These maps could

not be used to estimate the soil v01ume loss in real time．　This

mapping PrOCedure can evaluate the v01ume of soi110SSin a short

time．Therefore，the procedure will enable creation of a real time

SyStem for evaluation of wind erosion．The estimation of the

V01umein aiong periodis not easy′　and will require wind speed

data and soil moisture maps for specific study areas．

＝n thelow undulated alluviallowland of the Kujukuri coastal

Plain，SOil erosionis mainly caused by windin dry conditions．
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The estimation of potential wind erosion can be made avaiiabie for

SOil conservation andirrigation management of piowiand of this
■

area．　The mapping method using such parameters as soii moisture

and wind speed datais effective for future hazard mapping．

Potential wind erosionincreases withincreasing wind speed．

Therefore，a multi－Variate regression model for the erosion should

be developed by using the relationships among soil loss，Wind

Speed and soii moisture．　These parameters can be obtained from

Wind tunnel experiments for precise evaluation of soil v01ume

loss．
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6．　Conclusion

This study was concerned with modeling for determining soil

moisture andits application for soil moisture and other thematic

mapping using airborne muitispectral scanner（MSS）and space－

borne MSS and Thematic Mapper（TM）data．Conclusions can be

Sumar土zed as f0110WS．

1．The relationships between visible′　near　＝R，thermal ZR

data and soil moisture were examined using regression anaiYSeS．

The regression result showed a betterline fitnessin thermal　＝R

data than for visible and near ZR data．

＝n spite of the poor rel尋tionships between soil moisture and

Visible／near　＝R data，thermai　＝R－data and soil moisture showed a

g00d correlation evenin the early morning．　The thermai model

Withlow prediction erroris applicabie to the MSS thermai data

Obtained from the sparsely distributed vegetation area．

2．The author examined analytically and mathematically the

thermai model on the earth surface and established a concise

thermal inertia model for determining soil moisture．　The modei

WaS aiso ev01Ved byintroducing relative humidity of soil surface

Obtained from the ground based measurement at the field of the

National　＝nstitute for Environmental Studies（NZES）and airborne

MSS measurementsin the Kujukuri coastal plain．
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＝n this experiment，the relative humidity of soil surface was

Substituted by estimated relative humidity of soii surface derived

from the normalized aibedo．　The model，thus obtained in the

Kujukuri coastal plain′　WaS Very Similar to that obtained from the

experiment at the field．By comparing this phYSicai model with the

Other models based on the visible and near　＝R data′　the thermal

inertia model is the most appropriate for soil moisture

estimation．　Therefore，the modelis applicable to a wide range of

f土elds．

3．Empirical models with visible and near ZR data for

estimating soil moisture were also developed．　These modeis based

On the airborne MSS data showed smaller prediction error than that

based on Landsat Thematic Mapper（TM）and MSS data．This may be

due to a narrower wavelength band′　Small size ofitsinsヒantaneous

field of view（ZFOV）andlowinfluence of path radiance between

target area and platform．

4．The soil moisture maps in the Kujukuri coastal plain′

Tsuchiura andits vicinity′　and the　01d Joban coal mining area

Were COnStruCted using the airborne and spaceborne MSS and TM

data．＝n the Kujukuri coastai plain．soii moisture was highestin

thelower reaches of the River Nabaki and graduaily decreased to

the northeast of the area．　A comparison of photographs from

different years shows anincreasein the flooded areas in the

10Wer basin of the River Nabaki．　The soil moisture map of

Tsuchiura andits vicinity showed the swampyiowland being used as
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lotus and paddy fields on the inner part of emerged spits．

Swampy iowiand also developed along the northern coast of the

Tsuchiura－iri（estuary）of Lake Kasumigaura．

5．Spaceborne multispectral datais useful for the evaluation

Of soil moisture distributionin a broad area．　Therefore，these

data topographic units were automatically classified by an

OVeriay operation ofland cover maps on soii moisture maps．　The

geomorph010gical map was useful to distinguish micro

COnfigurations of terrain such as swells，Shallow troughs，Sandy

beaches，and sea andinland water．

6．Potential wind erosion maps derived from the soil moisture

maps，Show regional characteristics of wind erosion．　Thus′　the

maps can be applied to the effective management against wind

erOSlOn．
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