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Abstract

   A  new  canopy  model  having a  si]nple  parameter  is here pTesented  for estimating  the diurnal er  seasonal

yariations  of  the  heat balance, employing  meteoro]ogica]  data of  temperature, wind,  humidity, precipitation ,
and  solar  radiation  gathered  by  AMeDAS  near  the experimentai  field, The  calculated  results  were  compared

with  observations  over  the rice  paddy  field for the twayear  period of  1993 and  l994. SimulatSons using  the

pTesent･}M deve]oped canopy  mode}  agreed  well  with  rhe  daily-mean observed  vatues.  The  rms  error  in the
daily n]ean  values  between  the  observed  and  calculated  values  of  surface  tempcrature,  sensible  heat fiux,
and  latent heat ftux vL'ere  1.70C, ±13 Wm-2,  and  ± 16 Wm-?,  respectiyely,  during the overa]1  observational

per}od. The  annual  evapotranspiration  was  evaluated  as  about  600 mmy-i.  This value  is found between
the  values  for shallow  water  C564 mmy-i)  and  forests <692 mmy-i).  The  ratio  of  rainfall  interception to
evapotranspiratlon  during the vegetated  periods  are  about,  18 %  and  9 %  for the  year 1993 (cool summer)

and  1994 <hot summer),  respectively,  The  preclpitat,ion amount  in 1993 is large, while  evapotranspiration

from the  vegetation  is smal],  resulting  in a  large rate  of  rainfaII  interception,

1. Introduction

  As  vegetation  types  adapt  to given climat,ic  condi-

tions, plant･ life has a  great influence on  the cLimate.

A  realistic  repTesentation  of  the energy  exchange  be-
tween  a  vegetated  area  and  the  atrnesphere  is one  of

the most  important  issues in considering  a climatic

variation  on  a  landscape  scale,

  The  buLk  transfer  method  for est2mating  the en-
erglr' flux is mainly  developed for the ocean,  snow,

and  bare  soil  surface,  The  bulk  transfer  coeficient

of  the  sensible  heat fiux CH  and  the  latent heat flux
CE  are  required  to evaluate  the simultaneous  calcu-

lated values  of  the surface  temperature,  the sensible

heat flux, and  the latent heat flux, The  value  of

CH  and  CE  foT a  vegetated  surface  has been phys-
ically investigated and  det･ermined from the plant
beight, ]eaf area  index, and  the roughness  length

(Kondo and  Watanabe, 1992), However, a  heat bal-
ance  model  for the vegetated  area  considering  these
analyses  is not  conducted  to  simula.te  the energy. ex-

change  between the vegetated  area  and  the atmo-

sphere  ever  a  long period. In the present study,

by employing  a  new  canopy  model  combined  with
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the  bulk  transfer  equation,  the  daily and  seasonal

yariation  of  heat balance over  a  long period  is sim-
ulated.  The  advantage  of  the  present model  is that

the  estimation  of  heat  balance  can  be  conducted  by
using  only  the daily averaged  meteorological  data,
whell  the  value  of  CH  and  CE  are  given using  vege-

tation  parameters.  In this  study,  input data for the
model  simulation  is routine  meteoroLogical  data that
is easy  to obtain,  as  opposed  to  the  detailed data
fTom  the experimental  field, and  the leaf bulk trans-
fer coeMcient  for latent heat fiux e. that is the  most

important  parameter foi estimation  of  CE  is simpLy
represented  by a  function of  solar  radiation  and  min-

imum  stomatal  resistanee,  although  the value  of  ce  is
dominated by complex  plant physioiogy  and  meteo

rological  ceBditions,  The  object  of  the present study

i$ to see  how  the accuracy  of  this  model  with  the  use

of  a  simple  rolltine  meteorelogical  data and  simple

parameterization  cempares  to  observed  results,

  In this paper,  the seasonal  variation  of  evapo-

transpiration in a  paddy  field has been simulated

over  the tweyear  period  of  1993  and  l994, empley-

ing routine  meteorological  data (AMeDAS; Auto-
mated  Meteorological Data Acquisition System, op-
erated  by t,he Japan Meteorological Agency, about
1300  stations  distributed in Japan). The  simulated

results  urere  then  compared  with  the micrometee
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rolegical  observations.  The routine  ineteorological

variables  Tequiyed  for the  calculations  are  the dai}}'
amount  of  precipitat･ion, t,he duration of sunshine,

the diurnal mEvcimum,  minimum  and  averaged  air

temperatures,  and  the daily means  of  wind  speed,

specific  huml{lity of  the  air.  Paramet,ers required

for the  calcuLations  are  the  canopy  height, leaf ai'ea

index, siirface  albedo,  individual leaf t,ran$fer c;o-

eMcients,  and  roughness  lengths of  the undeTl),ing

ground surfacc.

  In Section 2, we  describe the observational  data
of  the heat balance in a  paddy  field. In Section 3,
the  presently developed  canopy  rnodel  and  param-
eterizatiolls  are  discussed. In Section 4 and  5, the
observed  values  of t,he heat balance are  cumpared

with  the model  calculations  for diurnal and  seasonal

variat･ions,  respectively.

2. Heat  balance observational  data

  The  observations  by Ishida et al, (1997) were

conducted  at Kitaura (38033'N, 141e 02'E), about

35 kin nort,h  of  Sendai in Miyagi Prefecture, Japan

(Fig. 1). A  horizontally homogeneous rice padd}'
field surrounds  the observation  site. The observa-

tional datft "'eie  continuously  obtained  duTing the

period froin 1 December  1992  to 31 October 1994,
a total  of 700 da.vs. The  periods of irrigation, rice

planting, and  harvesting in !993  ancl  1994  are  listed

in [Iletble 1.

  The  eLements  observed  to  determlne the  heat bal-
ance  were  the surface  temperature  7k, air  temper-
ature  T, specific  humidity  of  aiT  q, wind  speed  U,
solar  radiation  S  3, downward  longwave  radiation

L ", upward  longu'ave radiation  L  t, and  the soil
heat  flux G. the  sensible  heat  fiux H  and  latent heat

flux IE, The  value  of  [rk was  estimated  by the  fol-
lewings equation,

  Lt=  ea71iL+(1  -e)L  l, (1)
where  the  value  of  L  t was  observed  by  a  pyrgeome-
ter in the overall  lnfrared region,  e is the emissivity

and  assumed  as unity  in this study,  and  a  the Stefan-
Boltzinann  constant  (5.67 x  IO-8  XVm-2K-4),  Val-
ues  of  T  and  q were  observed  at  elevations  of  O,5,
1.8, 3.8, and  IO m.  Values of  U  were  obseTved  at  el-

evations  of  1 m,  3.6 m,  and  10 m.  The  surface  fluxes
H  and  IE were  estimated  by the  gradient inet･hod

using  all  elevations  data of  T, q and  U  in which

atmospheric  stability  was  considered  (Ishida et at.,

1997).

  The  definition of B  is given by the fo11ewing equa-
tlon as

  B  =:  (1 -  ref)SM  ; +(LM  l -LM  t)

      
-(HM+IEM+GM).

 C2)
Here  ref  is the  albedo  of  the  rice  paddy,  Sitf ;, LAf ;,
LM  t, Hnf, IE,v, and  Gnd are  the daily means  of

Fig, 1. A  map  showing  the location of

  the  observation  and  AMeDAS  sites  in

  Miyagi PTefecture, Japan,

solar  radiation,  downward  longwave  radlation,  up-

ward  longwave radiation,  sensible  heat flux, latent
heat fiux, and  soiL  heat fiux, respectively.  The  eb-

served  yalues  of  H  and  IE  may  have  some  errors

when  the  absolute  value  of  B  exceeds  30 Wm-2,
These erroneous  data of  observed  flux values  under

these conditions  are  not  used  in the present analysis.

3. Mode]  of  heat  balance  simulation

  In this chapter,  the presently developed canopy

model  for the heat balance simulation,  employing

siniple  routine  meteorological  data, and  suitable  pa-
rameterizations  for this model  are  described.

9.1 Principal eguations  tsingle source  modeV

  The  basic equation  for the heat balance of  a  land
surfa,ce  is given as

  RJ  -C=a71e  +H+IE,  (3)
where

  Rl=  (1-ref)S;+L;. (4)
HeTe, R  i is t,he total incident, radiation.  The  fluxes
H  and  IE can  be expressed  by the bulk transfer

equatlons  as

  H=c,pCHU(71,-T),  (5)

and

  IE]=tpCHUfi{q,.t(7L)-q},  (6)
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Table 1.Agricult.ura] cale]idar  for theyears  1993 and  ID94

1993 l994
Irrigation

Rice planting

Harvest,

 5 May  (125}

12 May  (132)

31 Octnber (3C]4)

 5Mfty, C125)

 8May. C128)

20  Sept,ember(263)

Irrigation period

Vegetated period

where  cp and  p are  the specific  heat, and  air density,
respectively,  and  CH  is the bulk transfer  coeficient

for sensibLe  heat. The  variables  U, T, alld  q are  the

wind  speed,  temperature,  and  specific  hun)idity at

reference  level z,  respectively,  e is the surface  mois-

ture  ava.ilability,  and  q..t(T.) t･he saturat,ion  specific

humidity  at  the  temperature  T,. Substitution of

Eqs. (5) and  (6) into Eq, (3) yleLds an  equation  for
'TIi

 , givcn as

  Rl  
-G

 
-
 alle  

-
 c,pCHU([l}  

-
 T)

         -  lpCll IJS{q..i(Tk) 
-
 q} =  O. (7)

In Eq. (7), it is assurned  that t,he canopy  and  ground
can  be regarded  as  a  single  palne suTface.

  The  calcu]ation  of  G  will  be  explained  Iat,er in

this paper  (see Appendix  C). The  solution  of  Tk can

be  found  through  successive  approxhnations  of  Eq.

(7), with  the  fluxes H  and  IE evaLuated  from Eqs,

(5) and  (6) (Kondo and  Watanabe, 1992), In the

present, study,  the time  int,eri,al used  in the calcula-

tion  is 30 rninutes,

･9,9 Meteoroloeical data Tequired  for the simuiation
  The  met.eorologieal  data required  for the simula-

tion (ll, H, and  IE) are:

(1) the  sunshine  duration  N  (heur)

(2) the daily-mean  air  temperature,  the diaily max-

    imum  and  rninimum  air  temperatures  TAf,

    Tnda=; 1hain, respectively

(3) the  daily-mean  wind  speed  UM

(4) the daily-mean specific  humidity qA4

(5) the  daily amount  of  precipitation Pr.

  Two  meteerological  stations  (AMeDAS) located
near  the experimental  field site are  Kashimadai and

Furuka"ra  (see Fig, 1). The  average  values  of  the

meteoroLogical  variables  at the two  st,ations are  used

for the simulation.  The  specific  humidity, howe\er,
is not  obseTved  at  AMeDAS  sites,  Therefore, it is
evaluated  from the daily-mean yapor  pressure e ob-

served  at  the Sendai meteoroLogical  observatory.

  R)r the model  simulation,  diurnal variations  of

meteoro}ogical  data  are  required,  In t･his model,

these aTe  estimated  using  dail)' meteorological  data

<AMeDAS), as  fbllows,

9,S Solar radiat.ion  and  dowmward flutr of  iongwave
   radiation

  The  duration  of  sunshine  2V is ob$erved  at

AMeDAS  sltes,  According to Kondo  <1994), the

dail.v mean  of  solar  radiation  SAif L can  be estimated

by the  empirical  formulae  (see Appendix  A for more
details>.

  Using SM  l, the  t･ime $eries  of  the diurnal varia-
t,ion of  solar  radiation  S J is giyen as (Kondo and
Xu, 1997).

  S l (t) =  SM  ; [1 +  Si cos(wt)  +  S2 cos(2wt)

          +S3  cosC3wt)  +  S4 cos(4wt)]  , <8)
where  t is the local time, bl =  O.727 ×  10-4 s-i,  Si =

-1.503, S2 =  O,584, S3 =  -O,058, and  S4 =  -O.023.

  For the arbedo  of  the rice  paddy  rofl the observed

value  obtained  by Ishida et aL  (1997) is used,  Figure

2a  shows  the se  asonahrariation  of albedo  fbr the year
1993.

  Calculated methods  of  t,he daily-mean  downward

Longwave  radiation  LAf ; is given by Kondo  and  Xu

C1997). It is assumed  that the dail.v variation  of

downward  longwave Tadiatton  is small  and  negligi-

ble when  atmospheric  conditions  change  only  to  a

sllght  degree, since  the usual  amp!itude  of the diur-
nal  variation  is as small  as  10 Wm-2.

9,4 Diurn,at variation  of the atr  ternperatuTe

  Using values  of  [IIeof, T?Lf.., and  T)fi., the  diumal

variation  of  air  temperatiire  is given as (Kondo and

Xu, 1997),

 T(t) =  TLvf +  Bi cosCwt  
-

 ai)  +  B2  cos(2wt  
-

 a2).

                                         (9)
where  the coefieiits  are  det･erminecl by

  Bi  =  -CTMax  -  [IXftn)/2･09,

               B2  =  -0.2Bl,

and

  ai  =  a2  =  T/4

  In this model,  wind  speed  and  specific  humidity
are  assumed  te be constant.  The  estimated  result  of

the diurnal average  fluxes is about  the sarne  as  the

result  when  the dturnal varlat,ion  of  these are  glven

(Konclo, 1994). When  a  strict  diurnal vartation  of

t,he fluxes is calculated,  this  inodel  should  be  applled

maklng  use  of  the detailed hourly data  sets.
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Fig. 2, The  seasonal  variation  of  (a) the  albedo  roj;  (b) the leaf area  index  LAI,  and  (c) the

  height h, The  legends within  the  panels indicate  the  years  the  observatiens  were  taken.canopy

3.5 Butk  transfbT coqtlicients  for sensible  heat CH,

   latent heat CE, and  suTface  moisture  availability

   B
  The  values  of  CH  , CE, and  6 have  seasonal  varia-

tion. In this model,  the  season  is divided into three
stages,  that is, the vegetated  peried, the irrigation
period, and  periods before rice  pLanting oT after  har-
vest,  In the following dlscussion, the parameteriza-
tion of  CH, CE, and  6 is described at every  stage,

3.5.I Vbgetated period of the rice  paddy

  Based on  numerical  experiments  {Kende and

Watanabe, 1992), Watanabe  (1994) proposed that
the  zeraplane  displacement d, the roughness  lengths
for moment･um  zo,  sensible  heat zT,  and  latent heat
zq, can  be parametrized by the empirical  formulae

(see Appendix B). The  formulae employ  the  vege-

tation parameters, that is, the  leaf area  index LAJ,
plant height h, and  the  individual leaf tiansfer  co-

eMcients  for momentum  cd, sens!ble  heat ch, and

water  vapor  c..  Also  used  are  the roughness  lengt,hs

ef  t,he underlying  grollnd surface  foi momentum  zo.,

sensible  heat zT,,  and  water  vapor  zqs.

  The  values  of  LAI  and  h  ill the calculations  are

obtained  from observation.  Figures 2b and  2c show
the  seasonal  variation  of  LAI  and  h, respectively.

It should  be noted  that the curves  of  rqL  LAJ, and
h shown  in Fig, 2 aie  for the year 1993. In 1994,
the agricultural  calendaJ  (t,he days of  rice  planting,
harvest, etc.) differed from that in 1993.

  Table 2 lists the typical vaLues  of  cd,  ch, xo., and

zT.  that can  be found ill numerous  vegetation  types

(e.g., Baldocchi and  Meyers, 1998; Yamazaki  et al,,

1992; Kondo  and  Watanabe, 1992). Estimated by
the  values  of  d, 2o,  and  zT,  the seasonal  variation  of

the bulk transfer coeMcient  for sensible  heat CH  can

be obtained  from the fo11owing equat･ion,  expressed

as

                  k2
  CH                                       (10)
        ln [(x - d)/zo] ln [(z -  d)fiT] 

'

where  k is the Xlon Karman  constant  (== O.4).
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Table 2.Parameters  requiredfor  the  rriodel  calculation

Eiement

(a) Vegetated perlod
   Canopy  hight･ h (m)
   Leaf area  index  LAI

   AIbede  ref

   Leaf drag coeficient  ca,  O.2

   Leaf bulk heat transfer  coeficient  ci,/  O.06

   Leaf bulk x,apor  transfer  coefieient  c./  Eq. (13)
   Roughness  length of  the  ground surface
             For momefitum  :o,  (rn)/ O,OOI

             For sensible  heat zTs  (m)/ O.OOI
             For specific  humidity z,.  (m): O,OOI

(b) Irrigation period
   Roughness  length

             Fbr momentum  zo  (ni)/ O,eOl

             Fbr sensible  heat gT  (m): O.OOI
   Surface moisture  availability  ": 1.0

(c) Except  for (a), (b)
   Roughness  ]ength

             For momenturn  zo  (m): O,Ol
             For sensible  heat gT  {rn): O.OOI

  Surface moisture  avai]ability  P: O.6

  Equation (10) is valld  for the case  of  neutral  at-

mospheric  stabi)ity.  In fact, atmospheric  stabil-

ity should  be considered  when  fluxes are  caLculat･ed

in the  hourly  times interval. The  stabiLity  of  the
lower atmosphere,  however, is net  considered  in the

present study,  since  the simultaneous  calculat･ed  val-

ues  of  the  surface  temperature  aild  heat baLance
components  by the principal  equation  (Eq, (7)) are

not  sensitive  to CHU  (Kondo and  VLratallabe, 1992).
For instance, when  the value  of  CH  U  is doubled, the
daily averaged  latent heat flux IEM  have an  increase
by  45 Wm-2.

  The  underlying  grouiid surface  yalue  of  zqs  re-

quired for calculating  xq  is taken from Table 2, FoT
a  rice  paddy field, lt can  be assumed  that zTs  !=i aes,
since  the  soil surface  is suMciently  wet  during  the
vegetated  peried,

  In calculating  zg,  the value  of  c.  (individual leaf

transfer coeMcient  for water  vapor)  is import･ant,

The  relationship  between the resistances  and  the
transfer coeficient  are  writ･ten  as

                  1

  
ceU<Zcanopy);r.+r.'

 (11)

                1
  ChU(Zcanopy)=-,  (12)
                ra

where  r.  is the aerodynamic  resistance  of  the leaf
surface,  rs the stomatal  resistance  and  zcanopy  the

represeutative  heights for the wind  speed  within  the

canepy.  Hsiao et  al, (1973) verified  that thc stomatal

aperture  of  C3 plants such  as  rice  reaches  a maxi-

mum  when  the  intensity of  solar  radiation  is about
10 Wm-?.  The  aperture  then  remains  constant,  im-

der conditions  of  increased solar  radiatien.  In fact,
c.  is dominated by various  conditions  (plant phys-
iology and  meteorological  conditions).  Dickinson

(1984), Sellers et  al.  (1986) and  Sellers et ai. (1995)
parametrized  stomatal  resistance  considering  these
collditions  in detail. In this researcb,  however,  the

diurnal vaTiation  of  c.  is slmply  given as  a  funct･ion

of  solar  radiation  and  c. in midday,  and  can  be de-
scribed  by

  Ce ]=  O'048 [1-1+t.. ko,2s ;)] (13)

Using this equation,  the rnaximum  value  of c. in
midday  is O.024, while  the  minimum  stomatal  resis-

tance r..  is about  50 smTi,  The  maximum  value

of  c.  in midday  was  estimated  by substituting  the
observed  data  of  P into empirical  formulae  (see Ap-
pendix  B). The  solution  fbr c. in midday  can  be
found  through  successive  approximations,  with  the
use  of  Appendix  B, so  that  the calculated  value  of  fi
agree  with  the observed  values.  The  values  assiglled

foT these estimates  are  listed in TabLe 2.

  Uslng the value  of  c.,  iq  is calculated  simiLar  to
the calculation  for iT.  The  bulk  transfer  coeficient

for iatent heat CE  is calculated  using  the vaLue  of

zg  by the follewing equation,  given as

CE  :=

k2

        ln [(i -  d)lzo] ln [(z -  d)lzq] 
'

  The  moisttire  availability  6 is calculated  using

Eqs, (10) and  (14), expressed  in the fo11owing equa-
t,iO]] ELS

(14)



Meteorological Society of Japan

NII-Electronic Library Service

MeteorologicalSociety  of  Japan

942 Journal of  the  Meteorological Society of  Japan Vol. 76, No. 6

=U

e,oo6

O,O04

O.OD2

(a)

o306090120  150  180  210 240 270 300 330 360

    i

     
¢
   O.5

               o
                O 30 60 90 12a ISO 180 210  240  270  300  330  360

                                     Day of  year

Fig, 3. The  seasonal  variation  of  (a) the  bulk transfer  coeMcient  for sensible  heat CH,  and  (b) the  surface

  moisture  availability  e in the rice  padd"'  field for the year  of  1993.

  fi=S: (i5)

6 is tbe  rnoisture  availability  for the  overall  canopy,

not  for individual leaf.

S. 5.2 Periods before rice planting, during irvrigation,
and  afier  harvest

  The  observed  values  of roughness  lengths (zo and
xT),  estimated  from the wtnd  speed  and  agr ternper-

ature  profiles by Ishida et  al. (1997), are adopted

fbr the periods befbre the rice planting, during irTi-

gation, and  after  the harvest, as  listed in Table 2.

  For the period prior to the rice  planting and  af-

ter the harvest, rice  straw  is found scattered  over

the entire  paddy.  The  rice  paddy  field can  not  be
regarded  as  a  completely  bare soil  surface,  alld  con-

sequently  the yalue  of  6 is diMcult to determine.
According to observations  by Ishida et  at. (1997),
there is a  great deal of  complexity  about  P for this

period. For this  reason,  the ealculatlon  of  the heat
balance for this  period is conducted  by  assuming  6
as  a  constant  (= O.6) t･hat is averaged  value  of  fi for
this period.

  DuTing periocls of irrigation, the yalue  ef  6 is re-

garded  as  unity,  since  the soil  surface  is covered  by
water.  Strictly speaking,  the value  of  rs has not

reached  unity  because the roughness  lengths for sen-
sible heat and  water  vapor  are  not  the  same,  but
the difference is negLigible  (Kondo and  Watanabe,
1992).

  Figures 3a and  3b show  the seasonal  variation  of

CH  and  ff (for the year of  1993), respectively,  calcu-

lated from Eqs. (10) and  (15).
3.5.3 Catculations under  conditions  of  nocturnal

condensation

  When  condensation  occurs  (q..t(71) <  q) during
nighttime,  the results  aTe  recalculated  with  the value

of  6 being set  to unlty.

S, 6 Calculation for soil  heat flux G
  The  soil  heat fiux G  is an  unknewn  quantity  when

estimating  [I}, H,  and  IE  using  Eqs. (5)-(7). In the

present paper, the value  of  G  is defined as

  G=CD+Gy,  (16)
where  CD  and  G!y are  the diurnal and  seasonal  vari-

ations  of  the  soi}  heat flux, respectively,

  The  value  of  G  can  be  analytically  determined

using  meteorological  data, bulk transfer coeficient

CH, evapotranspiration  eficiency  B, albedo  rei  and

soil parameters (see Appendix  C).

3.7 Raiofall interception

  The  interception ofrainfall  by the leaves is defined
as folLowing;

(1) evaporation  from wett,ed  leaves during rainfall
    duration

(2) evaporation  of  water  storage  on  !eaves S, after

    the precipitation,

In these conditions,  the calculation  of the heat bal-
ance  is conducted  by assuming  6 as unity.  In the

case  of {2), assumptlon  of ff =  1 is applied  to only
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Fig. 4.Algorithm  for the  present,Ey developed canopy  model.

when  S  >  O, that is,t,he calculation  is conducted  as

P =  1 until  tl]e value  of  S  equals  zero.

  IVat.er storage  of  the leaves S  is eyaluated  as  a

funct･ion ef  precipitation  (Kondo et  al.,  1992), as

  S=Sifa=[1-eXP(mPrfSMar)],  (17)
where

  Snfa==O,15'LAI.  (18)
HeTe, SftfAx is the  maximum  water  st,oTage  of  the
leaves of  vegetation,  and  Pr  the precipitation rate

(mm dri). The  coeMcient  of O.15 in Eq. (18) can

be adopted for many  types  of  vegetation.  Rainfall
duration T(hr)  can  be statistically  expresseci  by the
following equation  (Kondo and  Xu, 1997), as

  T=  1.67PrO'5 (19)

In Eq. (l9), r =  12(hr) when  Pr  =  50 mmd-i,  In
this study,  it is assumed  that it begin to ratn  at

midday  when  Pr S 50 mmd-i,  and  at  midnight

when  Pr  >  50 mmd-i.

  The  fiow chart  for this  calculation  is shown  in Fig,
4. In this study,  Eq. (7) can  be  rewritten  as

  (1 -  ref)S  l (t) +  LM  " -(](t) -  a71,  (t)`
     

-
 c,pCH  U"f ([II, (t) -  T(t))

     
-

 lpCH  UMe{q..t(Tk  (t)) -  q"f} =  O. (20)
4. Calculated results  for diurnal yariations

  In this  section,  the  diurnal variations  for 13 days,
frorn 2 July to 14 July 1994, are  examined,  Figure
5 shows  a eomparison  bet,ween the observed  (open
circles)  and  calculated  (solid lines) values  for various

quantlties. It should  be noted  that a  rigid  calcula-

tion  of  diurnal variatioii  can  not  be conducted  by
using  diurnal averaged  data, since  the  input data
(solar radia,tion  and  alr ternperatuFe) are  given as

t,rigonometric  functions having four and  two  tem-

poral harmonics.  "rhen  calculat,ing  a  strict diurnal
variation  of  the  heat, fluxes, this  modei  should  be ap-
plied, making  use  of  the detailed houTly data sets.
  First, an  examination  is made  of the  diurllal vari-

ations  of  solar  radiation  S;  (Fig. 5 top panel), The
time  series  used  in the  calculation  ls represented  by
a  trigonometric  function havlng  four temporal  har-
monics,  as  in Eq. <8). The  harmonics  vary  sinoothly

compared  with  the observed  midday  values,  On
cloudy  days, observed  values  fiuctuate only  slightly,

wlth  the  diurnal aveTage  of  the calculated  values  ce-

inciding wit,h  observed  values.  On  fair weather  days,
however,  the diurnal variatien  is large afid  the cal-

c'ulated  values  almost  coincide  with  those observed,

  Next, the surface  temperature  ZC, (Ftg, 5, mid-

dle panel) is examined.  The  calcula,ted  values  of  71,

are  somewhat  overestimated  when  compared  with

obF.erved  values,  being within  an  error  of  2.2CC, It
is considered  that this overestimation  is caused  bv                                          J

the hemispherical radiomet･ric  tempeiature  of the
surface  differing from the aerodynamic  surface  t,em-

perature  based  on  the  defillition of  CH  in this pa-
per. The  heinispherical radiometric  temperature

was  evaluat,ed  by a  measurement  using  a  dome-type

pyrgeometer  of  the entire  infrared region  with  an  ad-

justnient to account  for the surface  emissivity  and

downward  longwave radiation  (Eq. <I)).
  Concerning the soil  heat flux G  (Fig. 5 second

panel), the sellsible  heat, fliix H  (Fig. 5, second  panel
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Fig, 5. Diurnal variations  of  the  solar  radiation  S  l, the  soil  heat flux G, the  surface  temperature  7b,

  the sensible  heat flux H,  and  the  latent heat flux tE  during day 183 to day 195 (2 July to 14 July

  1994).  Open  circles  denote observed  values,  and  solid  lines the  calculated  values,

from bottom), and  latemt, beat flux IE (Fig. 5, bot-
tom  panel), the trend of  the diurnal variatien  of  the

calculated  values  almost  agrees  with  those observed.

5. Calculated  results  for seasonal  variations

5,1 Compartson with  observations

  Figures 6a and  6b show  the seasonal  distribntions
ofthe  observed  (open circles) daily means  ofsolar  ra=

diation SM  l, downward  longwave radiation  LM  ",
air  temperature  TM  , and  the daily precipitation rate
Pr  fbr 1993 and  1994, respectiyely.  For the SM  l
(tep panels) and  LM  ; (second panels from top), the
calculated  values  (solid lines) are  also  shown.  The

rms  errers  between the  observecl  SM  l and  calcu-

lated Snf l are  wit,hin  ±26 XAv'm-L' and  il]22  Wm-2

for 1993 and  1994, Tespectively.  On  the other  halld,
those  for LM  J are ± 15 Wmr2  and  ± 16 Wm"2,
respectively.

  The  year 1993 exhibited  more  days of successive

low temperatures  compared  with  that of 1994. In

particular, there were  summer  (July to August) days
when  the daily averaged  temperature  TM  was  under

200C. These cool  days resulted  in unusual  agricul-

tural damage. In contrast,  the summer  period of
1994  was  hot, with  no  unusual  damage  occurring,

  Figures 7a and  7b show  a  comparison  of  the ob-

served  (open circles)  and  the ca}culated  (solid lines)
values  of  the daily averaged  surface  temperature

Tl,M (top panels), the daily averaged  sensible  heat
fitix H"f (middle panels), and  the daily averaged  la-



Meteorological Society of Japan

NII-Electronic Library Service

MeteorologicalSociety  of  Japan

December  1998 R. KinuiTa and  J.Kondo 945

(a)
Ar

 4ooEbv-

 200-

 Ecao

"r

 4ooE)...J

 200-

 EA

     o

    40

    30A9

 2og

    109

     o

   -IO
   100

         -n

          
lv

          E So

          g
          ,s

              o

                O 30 60 90 120 150 180 210  240 270 300 330 360

                                     Day  of  year

Fig. 6. The  seasonah.ariation  of  the  daily mean  values  Sbf l, LM  ;, 71M, and  daily arnount  of  preciplt,a-
  tion Pr  for the  .vear (a) 1993 and  (b) 1994. The  open  circles  indicate observed  values  of  SM  l, LM  l,
  and  rkd, while  the solid  straight  lines denote Pr  (bottom panel). Solid lines represent  calculated

  values  of  SM  ; and  L"f l,

tent heat  flux iEM  Cbottom panels) for 1993 and

1994, respectively.  For the winter  period  (day 1 to
124 and  304 to 365 in 1993; 1 to 124 and  263 to

365 in 1994), the calculations  were  performed  with

fi held constant  (= O.6).
  Figures 8a and  8b  shew  a  comparison  of the ob-

served  and  calculated  values  for the period  from rice

panting  to harvest, i.e., day 132 to 303 in 1993 (Fig.
8a) and  128 te 262  in 1994 (Fig. 8b).

  The  values  of  the calcuLated  surface  temperature

71sn.f (Figs, 7 and  8, top panels) are  overestimated

in both yearly periods. The  rms  error  between the
observed  and  calculat･ed  

'Tl,M
 during  the veget,ated

period  are  within  1.2eC  and  1.3eC  
,
 while  those over

the  entire  year are  within  1.40C  and  1.90C, for the
periods of  1993  and  1994, respectively.  As previ-
ously  mentioned,  it is considered  that  the obseryed

values  of 11,M are  different from the calculated  values

that are  based on  the bulk transfer coeficient  CH
defined in this paper.  That is, the leaf temperature
has a  vertical  profile witbin  the canopy.  Matsushima

and  Kondo  (1997) indicated that  a  range  of  opti-

inum  viewing  angles  exist  for the measurement  of

canopy  surface  temperature  by a therrnai infraTed
radiometer,  based on  a  simulation  with  a  multi-

layer canopy  model.  The  optimum  viewing  angle

was  found to be bet,ween 500 and  70e of  the  nadir

angle.  In the future, estimated  results  should  be
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compared  with  obse-.ation  using  atheTmal  iiifrared

racliomet.eT.

  The  daily mean  observed  sensible  heat fiiix HM

(Fig. 7 middle  panels) is about  20-30 "Jrnm2 ever

the two  year period. Thc  rrns  error  between the
observed  and  the calculated  values  of  HM  during
the vegetated  period are  ± 9 XVm-2  and  ± 11 "rm-2,
while  those  over  the  entire  year are  ± ie Wm-?  and

± 15 Wm-2,  foi 1993 aiid 1994, respectively,
  The  latent heat fiux tEsf values  are  shown  in
the bot･tom panels of Figs. 7 and  8 for the entire

year and  vegetated  period, respectlvely.  The  rms

errors  between the observed  and  calculated  values

are  ± 14 ""mm2  and  ± 17 Wm'2  for the vegeta-ted

period  ofthe  year 1993  and  1994, respectively.  Fur-

thermoTe,  these duTi]g  the overall  yearly experimen-

tal perieds are  ± 14 IVm-2  and  ± 17 XVm-2,  respec-

tively. At  the  present t,ime, values  ef  tl)e diurnal

ayeraged  latent heat flux b)' various  observationaL

rnethods  (gradient method,  Bowen  ratio  method,

and  so on)  may  have an  error  of about  ±20 Wm-2.
Tbis result･  shows  that･ the ca!cuLated  error  is within
the  observational  erroi.

5.2 The  rate  of rainfoll  interception

  In this section,  the rate  of  rainfall  interceptioll to

rainfa]1  is examined.  With  respect  to evapotranspi-

ration,  rainfall  interception is also  included.

  Table 3 indicates that the ratio  of  rainfall  inter-
ception  to evapotranspiration  during  the vegetated

periods are  about  18 96 and  9 96 for the years 1993

(cool summer)  and  1994 (hot summer),  respectively.

The  precipitation amount  im 1993  is large, wbile

evapotranspiration  from the veget,ation  is sma]],  re-
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   (b)The
 seasona}  variation  of  tlie daiky mean  values  

'TlsM,
 HM,  and  IEnif for the  year (a)

1994, Open  circlcs  denote observed  values,  and  solid  lines the  calculated  values.

1993 and

sulting  in a  large rate  of  rainfalHnterception.

  The  amount  ofinterception  loss has been repoited

as  about  246 mmy7i  for an  annual  rainfall  amount

of  2000  mmy-i  in a  typ!cal Japanese  (LAI =  6)

lecated in Sendai (Kondo et  al., 1992), The  results

in Table 3 indicate that the Tate  of interception to
annual  rainfall  was  about  5 %, being  less than  that  of

the  fbrest, by 7 %. This results  from the fact･ that the
vegetation  does llot exist  after  the autumn  harvest
in the  rice  paddy  field, In order  to exp]ain  this in
greater detail, the rate  of interception to the rainfall

during the vegetated  period  is also  considered.  It
was  found that the rate  for the paddy  field during
the vegetated  period  is less than  that of  the forest
by 4 %. The  constant  in Eq. (22) was  determined  as

O.15 being  less than  that  in the  forest. This  iesu]ts

from  the  fact that  not  onLy  the  leayes, but also  the

t,runk and  branches of trees can  easily  intercept the
raindrops  in the forest. It should  be noted  that this

constant  was  determined to be about  O.3 to O.4 in

typical Japanese forests.

5,3 Annual  evapotranspiration

  The  annual  evapotranspiration  in the  rice paddy
field is about  600 mmy-i  as  11sted in Mble  3. Kondo
and  Kuwagata  (1992) and  Kondo  et al. (l992) con-

ducted a  comparlson  of  the annual  evapotranspira-

tion from the Japanese forests with  that from shal-
low bodies of  water.  It was  reported  that these val-

ues  become large, on  the order  of  564  mmyLi  for
shallow  water  and  692 mmy-i  for forests. The  value

of  evapotranspiration  from the rice  paddy  field is
found  bet,ween the yalues  for shallow  water  and  fbr-
est, The  rice  paddy  value  is less than those in t･he
forest by  about  leO mm.  As  previously mentioned,

this occurs  from the fact that the evaporation  rates

are  Telat･ively  large due to the rainfaIL  interception
in the forests.

  The  t,otal annual  rainfall  was  Large in 1993, while
the  annual  evapotranspiration  was  less by 143 mm

compared  with  those  in 1994, This  result  reflects  the
fact that  1993  was  a  year with  a  coot  moist  summer

in which  agricultural  damage  occurred.
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6. Conclusions

  IR the present st･udy,  a  new  canopy  model  is pre-
sented  for estimating  tbe diurnal or  seasonal  vari-

ations  of  heat balance, Our  maln  objective  with

this study  is to eva]uate  tbe heat ba}ance by  model

calculation  with  the use  of  simp]e  routine  meteore

logical data, and  to eyaluate  the applicability  of this
model.  1]he calculated  results  were  compared  with

observations  over  a  paddy field,

  The  accuracy  of  heat balance on  an  hourly ba-
sis  is not  good  when  the  cloud  amount  varies,  since

the  diurnal variation  of  solar  radiation  and  air  t･em-

perature  is appreximated  by a  trigonometric  func-
tion having temporal  harmonics, When  calculat-

ing a  strict  diurnal variation  of  tbe heat  fluxes, thls

model  should  be applied,  making  use  ef the detailed
hourly data sets.
  On  a  daily basis, howeyer,  the daily averaged  heat
balance can  be well  estimated  by using  simple  rou-

t･ine meteorological  data. The  rms  eTror  in the daily
mean  values  between the observed  and  calculated

yalues  ofsurface  temperature  7}M,  sensible  heat flux
HM  , and  latent heat flux IEM  during vegetated  peri-

ods  were  1.30C, ± 10 Wm-2  and  ± 16 Wrn-2,  Tespec-

tively, whi]e  those oveT  the entire  t,wo year period
were  1.70C, ± 13 Wm-2,  and  ± 16 Wm-2,  respec-

tively. These results  indicate that seasonal  varia-

tions of  evapotranspiTation  can  be  simulated  within

the observational  error,  althougb  simple  routine  me-

teorological data  is used.

  In this  model,  required  parameters  for calcula-

tion are  plant heigbt h･, }eaf area  index LAL  $urface

albedo  rqL  individual leaftransfer coeMcients  cd,  ch,

c.,  and  roughness  lengths of the underlying  ground
surface  zos,  zTs,  and  2qs.  With  regard  to the values

of  cd,  ch,  zos,  zTs,  and  zqs,  the typical values  that
can  be found in numerous  vegetation  types are  used,

while,  the maximum  value  of  c.  in midday  is deter-
mined  by observation  as  O.024 (minimum stomatal

resistance  l 50 sm-i),  The  diurnal variation  of c,

is simply  represented  by a  function of solar  radia-

tion. In fact, the stomatal  resistance  is dorninated
by various  conditions  (air humidity, C02  cencentra-

tion etc,).  The  resu!ts,  however, indicate that  the

evapotranspiration  frorn a  wet  area  Like a  paddy  field
can  be estimated  even  if a  simple  parameterization
is conducted.
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  The  percentage  of  the rate  of interception to the
annual  rainfall  in a  paddy  field was  about  5 96
and  less than  that in a  forest by 7 %. The  an-

nual  evapotTanspiration  in t･he rice  paddy  fie]d was

about  600 mmyLi,  and  had a  value  found  between

those for shallow  water  (564 mmy-i)  and  forests
(692 mmy-i).

  How  general is this  study  for other  vegetation?

The  same  calculations  have been conducted  on  a

sorghum  field (C4 plant) during the surnmer  of  l994
in the [Ibttori sand  dunes (Kimura et  at,, 1997). The

result  shows  that  the value  of  c.  in midday  is O,026
(minimum stomata!  resistance  r..  =  63 sm-i),  and

the rms  error  in the daily mean  values  between  t,he

observed  and  calculated  values  of  7}M, HM,  and

tEM  were  1.2eC, ± 25  NNim-?, and  ± 17 VLTmm2, re-
spectiye]y,  These results  are  almost  as  same  as  those
in t･he pre$ent study.

  Can  we  use  these Tesults  to calculate  global land

surface  fluxes from standard  routine  meteorological

observations?  In the fut,ure, we  would  like te eval-
uate  the heat balance  of  a  large area  u$ing  simple

routine  meteorological  data, by accumulating  model

simuiations.
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Table 3, VaLues of  precipitation, evapotraiispiration,  and

  Tainfall  interception  for the years  1993 and  1994

1993 1994
Overall period  <day)
   Rainfall days (dal')
   Preclpitation (mm)
   EvapotranspiTat,ion (mm)

365

 1451253

 559

365114991702

Vegetated pcriod

   Rainfall  days (day)
   Precipitation (mm)
   EvapotranspiTation (mm)
   Rainfall interception (mm)
Except  for vegetated  period

   Rainfall days (day)
   Precipitation (mm)
   Evaporatien  (mm)

172

 se86e361

 66193

 95393198

135

 27495438

 41230

 87496264

 Appendix  A

Solar radiatiQn

  According to Kondo  and  Xu  (1998), the daily
mean  of  solar  radiation  Sn.t l can  be estimated  by
the use  of  the fo11owing equations

of  sunshine  (hr), IVb the duration of  possibie sun-

shine  {hr), C the heurly angle  from sunTise  te merld-

ian transit･ time  in which  a  correction  r(=  a.Olrad)

is coiisidered,  di the  latitude, and  6 the  solar  dec]i-
nation.  The  coeMcients  a,  b, and  c  have different
values  depending on  the type  ef  sunshine  recorder;

a  =  O.244, b ::: O,511, and  c  =  O.l18 at  the  AMeDAS

sites,  In addition,  loo is the solar  const･ant,  and  day
the number  of days from 1 JanuaTy of  the given year,

            Appendix  B

Empirical formulae  for the  aerodynamic

             parameters

1) The  zero-plane  displacement d
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-i==

 [1 - exp(-A+)
+  (- ln 

ghOs

3) The  roughness  Iengths for sensible  heat zT

water  vapor  zg

(Bl)

(B2)

(B3)

)-1!045 exp(-2.,1+)]

D4S

                 <B4)
                and

As =  sin  ({
Sonf l =

(t'

. 
ip
 
-g+r)

 ,.  (g - ,

?'(i/)
2

(C sill di sin 6 +  cos  ip cos  di sin C)
cos-i  (- tan di tan 6),

and

 Inat･ion

di -6-r

]

 C -:

) 
2

 
=

 Igpsoii2g,?. fiOny3 4+2 2oloCoOoS7'lg 
,.,
 
2ny

    +o.oooo77sin2ny,

 6 =  sinti  (O.398 sin  a2),

a2  =  4.871 +  n +  O.033 sin  7],

  n =  (2T1365)day.

the above,  SoM
at  the top ef  the atmosphere,

)i
(A4)

(A5)(A6)

(A7)(A8>(A9)

(All)

J is t,he dally-mean so!ar  radi-

           N  the duration

 By  assigning  z.  ==  2zq  (canopy values),  z..  =

zTs,qs  (underlying ground surface  values),  and  Fle =

ch,.fcd,  the scalar  roughness  length for the  case  of

FI =  O <represented by z.+),  cai]  be ealculated  by
the fo11owing equations  as

(   h-d
 ln
   l.+

      1)

-i

 ;

[ R

where

-ln(z.+lh)Pi
 +  A'  exp(A+)]

P2,

A  =  o oiis (gi'iEs )O 
i

 exp  [s (ei/Es )O 
22]

 ,

and

k  = O･55exp  [-o ss (Ez/gs)O35] .

<B5)

(B6)

<B7)
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  Using the value  of ;.+ , the scalar  roughness  lengtlL
2.  for O <  E, S I can  be ealculated  by the following
equations,  glven as

 (ln 
h.-u

 
d)
 
-1

 (]1] 
hz-.

 
d)

-1

 =  c.

 [1 - exp(-  FgA+) + (S..O ) 
iiO

 
9..p(-kA.

 )] 
O

 
9

 ,

                                     CB8)

where

          h-d  h-d   1
  -Eln              ln
  C.D zo  zx''

   oQ
 -  (1+8F},)i12-1

  C.=  2 
'

   lU E  [E. +O.084expC-lsE.)IO'i5  ,

alld

  FZ i  2aj･i.

              Appendix  C

              Soil heat flux

1) Diurnal variation  of soil heat fiux GD

(B9)

CBIo)

(Bll)

(B12)

Kondo  (1994) parametrized  the  value  of  CD  by using

the time  t as  a trigonometric  function having four
temporal  harmonics for the diurnal variation  of  the

air temperature  and  radiation,  as  in the  following
equation.  The  daily time  series of  surface  tempera-

ture, using  the daily averagecl  surface  temperature

TkM, is given as
               4

  71s(t) =  [llsM +  E  An cos(nwt  
-
 ip.). (Cl)

              n=1

The  time  series  of  GD  can  be predicted by the fol-
lowing equation,  expressed  as

          4

  GD  (t) =2Cn  cos  (nwt- ¢ n  + f) , (C2)
         n=,l  '

where

  Gn=An(n";cGpGAG)D'5. (C3)

  The  volumetric  thermal  capacity  cGpG  and  the

thermal  conductivity  Ac  of  the  soil  in the  paddy
field (Ishida et  ai., 1997) aTe  defined as

  cGpG  -- (1-e..t)c.p.+cwpwe, (C4)

where

  Csp.  =  1.447 ×  106 Jm-3K-i,

   c,.p.  =  4.2 ×  106 Jm'3Kri,

and

  AG =  O.2s +  o.sol13 wm-IK-l.

Here, c.ps  and  c.p,.  are  the thermal  capacit,y  of

the soil  and  wat,er,  respectively,  e..t is the saturated

volumetric  water  content  (O,77 m3m-3),  and  0 the
volumetric  water  cont,ent.

  According to Kondo  (1994), the  amplitude  A.
and  phase  ip. of  t,he surface  temperature  for

wayenumber  n  are  calculated  by

       Rn  COS  ipn +  BnC  COS(an  
-

 din)
                                     (C5)  An
     

-
 pa+Ifih 

'

where

  Rn=(1-ref>Sn+Ln"  (C6)

and

  O. ==  arctan<X.).  (C7)

In Eqs. (C5) and  (C7), the variables  are  defined as

Xn  =

    4L Rn  +  6Bn ll;i cos  an  +  <pa +  IM;L) sin  an]

 (P +  I-k)Rn +  CBn [(" +  l-h) cos  an  -  lh sin a.]  
'

                                     (C8)

  L, =  (nc" cG  pG  Aa)e'5 cos  (l}), (C9)

   pa =  4al'M3  +  cppCH  UAf +  lpPCH  UMA,  (CIO)
   C=4u71it43+c,pCHU".f, (C11)
where

  A..  (dg;itt) 
.,.
 CC12)

  In this equation,  B.  and  cr.  are  the amplitude  and

phase  of  air  ternperature, respectively,  (defined by
Eq. C9)), S. is the amplitude  of  the solar  radiation

(Eq. 8)), and  L. the amplitude  of  the downward
longwave radiatlon  <in the present paper,  L. is set

to zero).  Not,e that the surface  temperature  by  Eq.

(Cl) is used  only  for estimating  the  soil  heat flux
GD,

  The  concept  of calculating  G  is almost  same  as

those  of  Brutsaert  (1982, p. 145-152). In this study,
estimation  of  the heat balance, heweveT, is con-

ducted  by  using  the bulk  transfe[ method.  Hence,
the salient points of  difference between them  is to
use  Eqs. (C5)-(C12) tbat cerrespond  to the bulk
transfer equation.

2) Seasonal variatioll  of  soil heat flux Gy

The  values  of  GD  are  calculated  under  the  assump-

tion  that  the daily averaged  value  of the soil heat

fiux CM  is zero.  I] fact, GM  actually  has a  tendency

to vary  seasonal]y  by  about  ± 10 Wm-2.  Using ob-

served  values  of  71,, the  time  series  of  the seasonal

variation  of  surface  temperat･ure  71,y is given as
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  1/siy =  71svAf + E  Avn  cos(nvvt  - ipyn)･ (C13)
                n=1

The  values  of  Gy  can  then  be  estimated  by the fol-
lowing equation

         5

  Gy  =:  E  Gyn  cos  (nwyt - ipyn +
        n=1

where

  Gyn  =  Ayn(nLvycGpGAG)e'5,

and

  u;y  =  1.992 ×  lo-T s-1.

Here, Ayn  and  diyn
lliy, respectlvely.

Oi(C14)

(C15)

(C16)
are  the amplitude  and  phase  of

  The  daily averaged  values  71,M, H"f,  and  IEM  can

be calculated  by averaging  diurnal values  obtained

by substituting  values  of  G  into Eq. (7). The  con-

sideratien  of  incorporating  G"f  does  not  seriously

affect  the accuracy  of  IEAf, but raises  the accuracy

of  7knf to within  about  ±O.50C.
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植 生 地 に お け る 熱収支 モ デル お よび水田 地帯へ の適 用

　　　　 木村玲二

〔東北大学理学部地球物理学教室〉

　　　　 近藤純正

　　　（東北大学名誉教授 ）

　 熱収支 の 日変化 お よび季節 変化を計算する新た な植生 モ デ ル を 示 した。モ デ ル 内の パ ラ メ
ー

タ
ーは 簡略

化 され て お り、計算に 必要 な デ ータ は 、観測地点近 くの 温度 、風 、湿度、降水量 、日照時間で あ り、 ア メ ダ

ス デ
ー

タ か ら読み 取 っ た もの で あ る 。 モ デ ル の 適用性 が 1993，1994年 の 2年間に わた る水田地帯 の 観測結

果に よ っ て 検証 され た 。 本 モ デ ル に おけ る 計算結 果 は 日平均観測値と よ く対応 して い る 。 全期 間 に お い て 、

本モ デ ル の 日平均 地表面温度、日平均顕熱フ ラ ッ ク ス 、お よ び 日平均潜熱 フ ラ ッ ク ス の 計算値 と観測 値の 差

は そ れ ぞれ 1，7 ° C，± 13Wm − 2、お よび± 16Wm
− 2

で あっ た 。 また 、年蒸発散量 は 約 600　mm ゾ
1 と推定 さ

れ た。水田 の 年蒸発散量 は 浅 い 水面 か ら の 年蒸発 量 （564 　m 皿 y
−1

）と森林 か ら の 年蒸発散量 （692　mmy
− 1
）

の 中間 に入 る こ とが 分か っ た 。 水田 の夏期植生 期間 に お け る 遮断蒸発量 の 蒸発 散量 に 対す る割合 は、18 ％

（1993 年 ：冷夏）と 9 ％ （1994 年 ：暑夏）で あ る 。 1993 年の 降水量 は 多い た め に 遮 断蒸発量 は 多い が 、蒸発

散量 は 少 ない 。
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