


18

Diagnosis of Stomatal

Exchange of Trees by

Response and Gas

Thermal Remote Sensing

Ke可1 0maSa

Dcpartinent of E〕lological and Environmcnt Enginccring,Graduate School of Agricuitural

and Lifc Scicnces,The Univcrsity of Tokyo)Yayoi l-1-1,Bunkyo― ku,Tokyo l13-8657,

Japan

l.introduction

Air pollution and meteorological changes have influenced the health of trees

growing in urban and forcst arcas(Gudettan 1985,Sakai and Larcher 1987;

Schulzc ct al. 1989; Onlとisをi Ct al. 1996; Sanderrnann et al. 1997; Paoletti 1998;

Wattng and Running 1998).Acd ram and add fog are among the factors

considered to havc such an cfttct(COWling 1989;Schulze et al.1989).The first

abnormal symptoms to appcar arc stomatal closure and decrease in photosynthesis

and growth.Whcn thc injury is sevcre,the symptoms extend to visible ittury of
leaves and withcringo  Withcrcd branches are often observed in polluted urban

arcas. In recent years a負)rcst dccline,which may possibly be due to acid rain and

acid fog as well as othcr air pollutants and mcteorological changes, has becn

reported in Europc,North Amcrica,and East Asia(Gudcrian 1985;Cowling 1989;

Schulze et al. 1989;EnvirolllllCllt Agency of Japan 1991-1993,Sandcrlllann ct al.

1997;Paolctti 1998).

The developmcnt()f rcmotc sensing from satellites and airplanes has proved

important for monit()ring thc cffccts(C01Well 1983;Rencz 1999)。 C010r infrared

photographs and multispcctral data taken froHl an airplane havc often been used to
estimate the visibic intury of trees and forest decline.Global changes in forests
havc bccn obscrvcd by satellitc remote sensing such as LANDSAT/TNl,
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SPOT/HRV,  NOttAVHRR,  and  EOS/MODIS. For  example, thc

LANDSAT/TWi provides several spectral images with a high rcsolution of 30 1n in

the visible to near―infrared range and 120 m in the therrnal infrared rangc.

Therefore,  these  images  havc  been  used  for  analyses  of decline  and

cvapotranspiration in urban woods and local areas of forests(ColWell 1983;

Nemani and Running 1989;Hobbs and Mooney 1990).A recent technical trend in

remote sensing from airplanes and satellites is hyperspectral observation capable

of resolving from several tens to several hundreds of spectral bands(HObbS and

Mooney 1990;Rencz 1999;Omasa,2000).Hyperspectral analysis in the visible

to near―infrared reglon may be able to provide more phytoblological inforrrlation

on changcs in contents of、vater and bioche■lical components in living plants and

soils,  productivity and stresses of individual  plants and vcgetation, and

classification of plant species.

Meanwhile,portable thermal cameras(thCrmOgraphic system)haVe Oten been

used to remotcly measure changes in temperature of plants and canopy as a

surrogate for stomatal conductance(=1/StOmatal resistance)and phOtosynthesis

rate(SChurer 1975;Omasa et al.1979,1990,1993;Omasa 1994;Horier et al.

1980;Hashilnoto et al. 1984,1990;Inouc ct al. 1990;Taconet et al. 1995;Jones

1999)・ In the latter half of thc 1970s,thermal camera joined with a computer was

developcd for image analysis oflcaf temperature(OmaSa et al.1979;Hashimoto et

al.1984)。 ConSequently,Omasa ct al。 (1981a―c;Omasa and Croxdalc 1992)

quantitatively evaluated spatial distributions of stomatal resistance(=1/StOmatal
conductance),transpiration ratc,and absorption rate of air pollutants all over the

attachcd leaf fro■1 lcaf tcmpcraturc.  Reccntly, such quantitativc study has been

noticed in therrnal imagc scnsing although it is difficult to analyze quantitatively

energy balance ovcr thc icを lf Surfacc(JOncs 1999)・  The microthermogram

provided information on rcsponscs()f stornatをl at Sitcs bet、vccn Veins of rice plants

(OmaSa 1996).
It is also very difficult t()spatially cvをiluatc stonlをitを1l rCSistancc and transpiration

rate of plants growing in thc ficld,  卜lo、vcvcr, thc thcrmal irnagc can providc

information for early dctcction of plと11lt strcsscs, bCCausc stonlatal closurc occurs

beforc the appearance of visibic injury,そind for scrccnin3 0f plants with high

gro、vth and high air pollutant absorption undcr stcそldy―statc thcrmal cnvironments

(OmaSa and Aiga 1987;OmをlSa 199()a,1994),HcliCOptcr…bomc rcmotc sensing by

a thcrmal camera was effcctivc for carly detcction of environmcntal stress of

woody canopy(OmaSa et al.1993;Omasa 1994).

2.inforrrlation Obtained froHl Leaf Temperature

Water evaporates fronl mcsophyll and epidermal cell 、valls in the substollltittil

cavity and diffuses into the atinosphere through thc stomata and boundをlry ittyci、()1｀

leaves and trees,Carbon dioxide(C02),fOr phOtOsynthesis,and air p()ll口1■nts

entcr the leaf in the opposite direction to that of the water vapor(M()illtSiti1 1 973;
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Omasa 1979;Jones 1992).A simple resistance model for heat and gas exchange

bet、veen a trcc and free air is sho、vn in Fig。1. Resistance in transfer bet、veen thc

gas-1lquid interface in the substomatal cavity and air on the leaf is represented as
the bulk stomatal resistance. Resistance between the leaf boundary layer and free

air is expresscd as the aerodynalltlic resistance.  Although thc bulk stomatal

resistance indicates stomatal opening, it also depends on the number of stomata,

their size and structure. The aerodyna■lic resistance varies、vith wind vclocity,

atlnospheric stability,leaf shapc,and thc spatial structurc of trees.

Whcn the leaf surface is not wet with rain or dew,the transpiration rate,比

、vhich is the flux in diffuslon of、vater vapor from the leafto frcc air,is given by

豚=〈ス(■)―。ス(孔)}/(raw■rsw)

where rl is the leaf temperature,孔iS the air temperature,ス(りiS the saturated
water vapor diffusion at temperature■O iS the relativc humidity,raw is the
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Fig.1.Sirllplc rcsistancc modcl for hcat and gas cxchange bet、 vccn trcc and its cnvironmcnt
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aerodynaHlic resistancc to water vapor diffuslon, and rsw is the

resistance to water vapor diffusion.

The absorption rate of gases such as C02 and air pollutants,9 is

0=(Ca―Cl)/(/ag+rsp

R l p =εσ名
4

and〃 is

rf=戸 P(孔
_■
)″ak

、vherc σ is the Stefan―]Boltzmann constant,pcP is thc volumetric

the air,and rak iS the aerodynanlic resistance to heat transfer.

Substituting Eqs.4 and 5 in Eq.3 gives the follo、ving equation

rate,レ1

K,Omasa

bulk stomatal

(2)

where{σa iS the gas concentration of frec air,Cl is the gas concentration at the gas―

liquid interface in the stomatal cavity, rag iS the aerodynaHlic resistance to gas

diffusion,and/sとis the bulk stomatal resistance to gas diffusion.The Cl of mttor

air pollutants such as S02,NC〉2,03,and forIIlaldehyde in the healthy leaves can be

assumed nearly to equa1 0 μH~1(ppmv)becauSe the metabolic rate in the tissues is

very rapid(See omasa et al.,this volume),HOWever,the Ci of C02 dCpcndent on

photosynthesis and respiration and of lnost organic air pollutants varies according
to species and growth conditions(JOnes 1992;see Omasa et al,,this volumc).

On the other hand,the heat balance at thc leaf surfaces is given by

α ttsc+ε ttlc―沢ぃ+〃毛″
〓0                 (3)

where ttsc is the short―wavelength radiation(≦ 3 μm)frOm the environment,α  is the

absorption coefficient of short―wavelength radiation of the leaf,」Ric is the long―

wavelength radiation(>3 μ m)frOm the cnvironment,ど is the emissivity of long―

、vavelength radiation of the leaf,」Rlp is the long―wavelength radiation from the leaf

surface, rr is the sensiblc heat transfer by convection,and,L is the latent heat of

vaporization.

According to Planckts law,Rlp in Eq,3 is

(4)

( 5 )

heat capacity of

for transpiration

″={α Rscttεばばσ名
4)十
pcP(孔―■)/rak}ん

In thc range of Browth tempcraturc oftrccs,RlP is approxilnated by

沢ぃ=εσ“Orl+」0)

andルタ
ア
is cxpressed as a silnplified equation

(6)

(7)
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N二Arl+β

、vhere

and刀 Ois l.06x108K3and BO is-2.37x10〕
O K4in the range of 293,15 to 303,15

K(20° to 30°C).

Values for the rnicrometeorological parameters of outdoor trees in Eqs. 9 and

10 change with tilne and situatione When there is cloud and a breezc, therIIlal

conditions such as air tempcraturc, hu■ lidity, radiation and air current are

maintained relatively constant and uniforin.  The poor effect of direct solar

radiation and the shadc of trccs()n thc parameters also decreases under a cloudy

sky. Therefore,ス and l,in Eqs.9 and 10 arc assumed to be constant values under

such therinal conditions,and Iル
ア
in Eq,8 is exprcssed as a linear function of rl.

Because thc incrcasc in rl mcをinS a decrcase ofル7 in the equation,the leaf

tcrnpcraturc nlをly bc uscdをlS an indicator of trec health and activity.

The rclatioll、hip bctwccn acrodynaIIlic resistances in heat and mass transfer is

approxilllatcd by

rak=/dwギ.ょ                  (11)

except under thc conditi()【ls()r stをlbiC atinosphere in the nighte The bulk stomatal

resistance of gas is rclatcd to that of water vapor by

И=―(εσИo+ρcP/rak)/L

β=(α ttsc+εはばσβO)十pcP孔/rak)/L

/sg=(Dw″ょ)r、w

( 9 )

( 1 0 )

(12)

(13)

、vhere Dw is air―water vapor diffusivity and Dg is air―gas vapor diffusivity. The
bulk stomatal resistancc, ′ち、w, iS transformed into the following cquation by

substituting Eqs.8 and llin Eq.1.

′コ、w={】各(■)―rrJ】気(孔)}/“筑十」)―rak

Equation 13 shows that thc leaf temperature rl gives information about rsw,an

indicator of stomatal opcning, under constant thermal conditions. The stomatal

conductancc, 、vhich is often obtaincd for the measurement using a diffusion

poromctcr,is given by 1/P・ws,

Equation 2 is transforrlled into the fo1lowing equation by substituting Eqs. 11

and 12:

9=(Ca―Cl)/{rak+99w/DB)rsw} (14)
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When the gas concentration Cl at the gas―liquid interface in the stomatal cavity is

known,information about the absorption rate 2 0f gases is also obtained from■.

3.lrnage instrumentation of Leaf Temperature

3.l Portable Therrnal Camera

Portable thermal cameras of both optical― Inechanical scanning and electric

scanning types(fOCal plane array sensor)are on the market.The thermal camera

of the optical‐mechanical scanning type with an lnSb(3to 5 μ m)or HgCdTe(8 to

13 μm)detectOr cooled by liquid nitrogen(77K)or Stirling cryocooler has been

used for a long tilne. The spectral range of 3 to 5 μm is nOt Suitable for rneasuring

thc leaf temperature of trecs outdoors owing to the direct effect of the sun's

radiation. Consequently,a theHnal camera with HgCdTe detector of 8 to 13 μm

range has been generally used for field observation. Figure 2A sho、vs a portable

thermal camera(JEOL,JTG-5200)with an Optical― mechanical scanning type of

mirror vibration and a HgCdTe detector(8 to 13 μ m,co01ed by liquid nitrogen).

This camera needs a flame tilne of lnore than O。l s. The signals detected by the

camera hcad are converted into 16-bit digital signals(512Hx480V)and analyzed

by an imagc processor with camera control functions. A series of thermal images

is rneasured continuously by the systern and stored in a builtin hard disk and MO

disks. In outdoor situations,itis possible to carry out silnple analyses of the image

data using the image processor.This system givcs a sensitivity(black body at

30°C)of O・ 05°C and a horizontal resolution of 420 1incs.The temperature―

rcsolving power is ilnproved to about O.01° C by averaging the ilnagcs.

Measurement accuracy such as uniforHlity and repeatability of temperature is

below 170 or O.5°C,whichever is greater.

The recent advance in the development of thermal array sensors is remarkable.

A smaller―sized,convenient thermal camera with a flame rate of 30 Hz,silnilar to

a CCD video camera,is rcalized by devclopment of new focal plane array(FPA)

technology such as a 320x240 uncooled FPA(8 to 14 μ m)with a sensitivity of

O.1°C and a measurement accuracy of± 2%or 2° C,whichevcr is greater(Avio,

TVS-610)(Fig。 2B).HoWever,the measurcment accuracy of an uncooled FPA has

been inferior to that of the optical―Inechanical scanning type until now.
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Fig.2A,B.Portablc thcrmal camcras of optical― mcchanical scanning typc(A,JEOL,JTG―

5200)and uncOolcd FPA typc(B,Avio,TVS‐ 610)

3.2 Accuracy in Measuring Leaf Temperature

For a perfectly diffuse and Opaque leaf surface,thermal radiation ttP(■ス)frOm
the surface of temperature r in the spectral sensitivity range of the thermal camcra

is given by

沢P(■ス)=εPRb(り+(1-εpttc(兵)

Ａ

，

(15)

where εP is the emissivity of the leaf surface in the spectrd range,Rb(つiS the
spectral radiation from the black body of temperature■and Rc(ス)iS the spectral
radiation from the environmcnt of tempcrature ス to the leaf surface.The
emissivity εp Of the leaf in the spectral range 8 to 13 μm is O。95 to O,99(Gates et

al.1965;Fuchs and Tanner 1966;Omasa ct al.1979).The measured temperature
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is affected by the erlissivity and radiation froln the environment. Therefore, it is

necessary to use the thermal camera、vith functions to correct for these factors to

obtain an exact rneasurement of the leaf temperature, The influence of changes in

functions, such as the radiation―electricity conversion of the detector, its

amplification,and the transHlisslon and reflection of lens,filtcr,etc。, is correctcd

continuously by monitoring a builtin black body source in thc camera head. It is

possible to measurc the leaf temperature within an accuracy of O.lK(Omasa et al.
1979).

The crror in temperature measured with the therrnal camera depends on the

spatial distribution of temperature(Fig.3).In Fig.3,the number of slits indicates

thc frequency of s、vitchover bet、veen high and lo、v temperatures on the horizontal

line of thc image, When the distribution of temperature is zigzag,thc crror rcachcs

its maximum.The frequency of switchover is about 50 times at an error of 5%

(0。25°C)and abOut 65 times at an error of 10%(0。 5°C).

Nos. of stits, Fh.

Fig。 3. Relationship bct、veen the error in tcmpcrature mcasurcd、vith the thcrIIlal camera

(JEOL,JTG-5200)and thC Changc in spatial distribution of tempcraturc(frOm omasa ct al.

1 9 9 3 ) . T h e  b l a c k  a n d  w h i t c  p a t t c r n s  m a d c  b y  s l i t s (α) t O ( C ) S h O W  t h e  d i f f c r c n c c  i n  s p a t i a l

distribution of tcmperature、vherc thc black area is high tcmperature and thc whitc area is

low tcmpcraturc,TA(=5° C)is thC difference in rcal tcmperaturc bctwccn black and whitc

areas,and TB is that in measured tempcrature.The numbcr of slits mcans ttcqucncy of

switchovcr at high and lo、v tcmpcratures on a horizontalline ofthc imagc
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Diagnosis of Trecs by lhermal Remotc Sensing

4.Diagnosis of Trees by Leaf Temperature lmage

4.l Diagnosis of Effects of 03 ExpOsure on Trees

Abiotic and biotic stresses such as air pollutants, 、vater deficit, high and lo、v

temperature,and virus infection cause spatially heterogeneous impairment of thc

attached leaves(Omasa ct al.1981b,c,1987;Hashimoto et al.1984;Dalcy et al.

1989;Omasa 1990a,b;Omasa and Croxdale 1992;Osmond et al。 1998),Such

hetcrogeneous irnpairlllent is indicatcd in stomatal response and photosynthctic

activity.  As described in Section 2, the lcaf temperature providcs information

about stomatal response, transpiration and absorption of air pollutants and C02

under constant thermal conditions.  Thc portablc therinal camera can be used,

therefore,to show evidence of spatially different rcsponses of stomata in attached

lcaves to various stresses. In addition,it is possible to calculate images of stomatal

resistance, transpiration rate, and absorption rate of N02, S02, and 03 frOnl the

lcaf temperature ilnage measured under controlled thermal conditions in the

growth chamber(Omasa et al.1981a―c;Omasa and Croxdale 1992).

Figure 4 sho、vs the effects of O。l rtl l‐
1 03 eXpOsure during 3、

veeks on Chinese

laurestine and Japanese red cedar.Ozone is a mttor compOncnt of photochcmical

oxidants produced in the urban atlnosphere by a series of photoche■lical reactions

involving nitrogen oxides and gaseous hydrocarbons. Entry of 03 intO the leaf

tissues through thc stomata causcd necrotic visible ittury and defoliation to the
Chinese laurestine. Thc Japancsc rcd cedar showed a decrease in gro、vth rate,but
thcrc was no visible injury.Thc leaf tcmperature in both trees increased with
exposurc timc becausc of stomをital Closurc and dcath of thc leaves(only Chinese

laurcstinc).ThiS tCmpcraturc risc in thc Japancse red cedar appearcd especially in

thc upper part of thc trcc.  It is difficult to measure spatial differenccs in thc

response of stomata of trccs、vith attとlchcd needle leaves to environmental stillluli

using ordinary porometcrs, IIo、vcvcr,use of the portable thermal camera makes it

possible to obtain such spatial inforination casily.    '

4.2 Diagnosis of Street Trees

Strcet trees in urban areas grow under scvere environmental conditions. Thc trees

are cxposed continuously to harmful gas fronl car exhausts and other air pollutants.

Buildings interrupt sunlight falling on thc trees,and street lamps illunlinate thenl at

night.  Because thc paved roads obstruct rainwater perimeating into the soil

togcthcr with a supply of nutricnts from dcad leavcs,thc soil water content,soil

nutrients, and hurllidity decrease in urban areas. Thc effect first shows as a

decrease in transpiration and photosynthcsis. Aithough porometcrs and

Hlicrometeorological inethods are used for ineasuring rates of transpiration and

photosynthesis,these cannot provide the spatial distribution of thcse processcs in
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Fig。4A‐D.Effccts of 03 eXpOsurc on trccs(from Shimizu et al.1993).A Photograph of

Chincse laurcstine(Иう冴/″″″OttOアαttSs力角″初 Ker―Cawlcr var.awabuki(K.Koch)ZabCl),B

Therrnal ilnage of thc Chincse laurcstinc, C PhOtOgraph of Japanesc red cedar

(Crザpr。れcrどαブ?Pο″'Cα(L.nl.)D.Don),D Thermal imagc of the Japanesc red ccdar.Thc

injured trec on thc left side in thc photograph and in the thcrmal imagc was cxposcd to O。1

μl l'1 03 fOr 3 weeks under 25°C,709うRH,and 200-400 μ mol photons ln'2s‐
1. The healthy

trcc on thc right sidc was gro、vn under thc samc conditions without 03 eXpOsurc. Thc g/αノ

scα′c on the undersidc in thc thermal ilnage rcprescnts thC tcmperature scale.  The

tempcrature sho、vn by″ん′rc is higher than that shown by the brαcた

leaves and branches.

Figure 5 shows a photograph and a thermal image of zelkova trees gro、 ving in

an urban street.  The thermal image was measured under cloudy and breezy

conditions.The leaf temperature of the tree on the left o in Fig.5A and 5B)was
higher than on the right(b)and Other trees;this indicates stomatal closure and

decrease in transpiration and photosynthesis in the tree on the left.  These

phenomena rlight be caused by volatile matter froHl a gasoline service station on
the left―hand side.The tree on the right(b)Was healthy owing to a sufficient

supply of light, nutrients, and water from vacant land on the right―hand side.

Although growth of the trce on the left(α)waS p00rer than that of the tree on thc

right,leaf ittury Was not visible.The combined use ofthe thermal camera and the

porometer thus rnakes it possible to diagnose the health of trees precisely.

a6,951 RC

29,45
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絶

24,7

Fig.5A,B.Photograph oA)and thCrmal image(B)of Zelkova lZC′ たοソα scrrα筋 (側nunb.)

Makino)trcCS grOwing in an urban strcct(Omasa ct al.1990).Environmcntal conditions:

air tempcraturc,26.5°C;light intcnsity,about 500 μmol photon IIl‐2s‐1

Figure  6  shows  the  relationship  bctween  stomatal  conductance  and

photosynthedc photon dux density(PPFD)for sOme species of healthy trees.
These data were rneasured frorn 1300 to 1800h. The lowered PPFD tended to

decrease stomatal conductance irrcspcctive of specics,although the data vary、vith

each ieaf site. In particular, stomatal conductance decreased rapidly below 200

ぃmol photon ■ 1~2 s-1.  Ho、vever, the rate of decrease 、vas lo、v above 300 μ mol

photon ■1'2 s‐
l and reached different steady―

state conditions in each species.

Stomatal conductancc is a reciprocal of stomatal resistance and an indicator of

stomatal opening. Thereforc,the decrease of stomatal conductance shown in Fig.6

indicates stomatal closure and a decrease in thc rates of transpiration and

photosynthesis. The stomata of healthy leaves opened rapidly after sunrise and
closed slowly in the afternoon.The stomata of ittured and water― stressed leaves

did not open properly in the daytimeo When it was cloudy,the PPFD was below

500ぃ mol photon nl‐
2s‐1, Therefore,the therrnal image used for diagnosis should

be measured under a cloudy sky with PPFD of 300 to 500 μ mol photon m‐
2s,1.

The effects of stomatal closure caused by water stress in the daytilne are avoided

by lneasurements under such conditions.

4.3 Diagnosis of Trees fronl a Helicopter

Woods and forests in urban areas and the neighboring mountains have been

injured by the various cnvironmental changes just described,However,it is

difficult to diagnose damage to individual trees throughout the、voods and forests

by means ofrneasurements lnadc on the ground. Recently,thermal remote sensing

froln satellites and airplanes has been shown to estirnate the function of woods and

forests(HobbS and Moony 1990;Omasa et al,1993).Because helicopters can

ン

】
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Fig. 6A, B. Relationship between stomatal conductancc and photosynthctic photon flux

density(PPFD)for sOmc spccics of hcalthy trcc(Omasa ct al,1993).Environmcntal

conditionst air temperature,30°-33°C;rclative huHlidity,50ワケー60%

approach a height of only several tens of lneters,remote sensing from a helicopter

makes it possible to diagnose individual trees(Omasa et al。 1993).

Figure 7 shows an aerial photograph and a thermal image of temple woods and

the attacent area in thc suburbs of Tokyo.These were measured by the portable
thermal camera from a helicopter at a height of about 300 m undcr cloudy and

brcczy conditions,In the temple woods,Japanese red phes c'れ″S ttc″ざ"θ/α
Sieb.et Zucc.)o in Figs.7A and 7B)were Standing almost dead and many
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Japanese red cedars had died back at their tops.These itturies were also observed

in the aerial photograph. The leaf temperature of these trees was higher than that

of other trees because of the decrease in stomatal conductance and transpiration.

Although itturics such as abnormal leaf shapc wcre found in a zelkova tree rb)by
survey on the ground, it was not observed in the aerial photograph.  The leaf

temperature of the zelkova tree,however,was higher than that of Japanese white

Oak(2冴 2rc″s 初 ノrs'″α軒冴'α Bulume)(C)ShOWn as a species with lower

conductance in Fig.6. This result lneans that it is possible to reliably diagnose

slight damage to trees not observed in aerial photographs frorn the thermal imagc

measured under a cloudy sky above about 300ぃ mol photon nl‐
2s‐1. The surface

temperatures ofhouses c),roadS,and parking lots were above 35°C.

The measured temperature is influenced by absorption and radiation by the

atlnosphere,although the influence is small in the wavelength range 8 to 13 μm.

Figure 8 sho、vs a thermal image,Ineasured from a height of about 700■1,of the

same area as that shown in Fig.7 at about the same tilne, Points a and d in Fig.8

correspond to those in Fig. 7B. The leaf temperature measured from ca. 700m

showed a reduction of O,8° C in comparison with that from ca.300m. It must be

noted that the extent of this reduction is influenced by atinospheric conditions. A

rise in height also causes an error according to the spatial averaging shown in

Fig。3. When the temperature of a tree of 3-to 5‐rn diameter was lneasured within

5ワうerror,the hcight ofthe helicopter is about 300 to 500 1m. ″rhe errOr in the tree's

temperature measured by the portable thermal camera increases markedly

according to the rise in height.

Fig.7A,B.Aerial photograph?ゝ )and thermalimage(B)Oftemple woods and the adiacent
area in thc suburbs of Tokyo from a hclicopter at a hcight of about 300 m(Omasa et al.

1993).SitCS α  tO tt in A correspond to thosc in B.Environmcntal conditions wcrc not

measurcd at the tcmplc,but at a position about 10 kHl from it;air tempcraturc and PPFD

mcasurcd aftcr 30■lin、vcrc about 29°C and 400 μmol photon im‐
2s,1,rcspectively
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25.4

℃

Fig.8.Thcrmal imagc oftcmplc woods and thc attaCCnt arca mcasured from a helicoptcr at

a height of about 700 m(Omasa ct 91.1993)。SitCS α and ttin Fig.8 correspond to those in

Fig.7. '「his imagc was takcn at about 100 s bcforc thc measuremcnt for Fig.7

5日COnClusion

Changes in leaf temperature depend on those in transpiration rate from the leaf via

stomata undcr constant therrllal conditions, consequently, the leaf temperature

becomes an indicator of stomatal responsc and absorption of air pollutants and

C02・  i「herefore, the measurement of leaf temperaturc by the portable thermal

camera can remotely provide spatial information for early detection of plant

stresses,because stomatal closure occurs before the appearance of visible injury,

and for screening of plants with high gro、vth and high levcls of air pollutants, For

exarllple,the evidence of spatially different responses of stomata in attached leaves

of Chinese laurestine and Japanese red cedar to 03 eXpOsure 、vas sho、vn in this

chapter. Although it was difficult to lneasure spatial differences in the response of

stomata of trees with attached needle leaves using ordinary porometers,the use of

the thermal camera made it possible to obtain such spatial information easily.

The thermal camera was also applied to the diagnosis of zelkova trees gro、ving

in an urban street and of some species in urban temple woods from the ground and

from a helicopter. It was possible to diagnose rcliably slight damagc to trees that

was not observed in photographs from the therlnal image ineasured under a cloudy

sky above approxilnately 300ぃmol photon■ 1‐
2s‐1. It was necessary to measure at

a height less than 300 to 500■l for remote sensing froHl helicopter to obtain the

exact temperature of individual trees.
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Recent advance in development of thermal array sensors is remarkable,

Consequently,more small― sized,convenient thermal camcra with an array sensor

such as uncooled FPA are appearing in the market. In the near future,we may

easily come to use itlike an ordinary video camera.
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