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Synopsis

With the objectives to develop a model to explain and predict the dynamics
in crop growth and weather relationships, measurements, modelings and simula-
tions were made of net photosynthesis (Py,) and transpiration (E) of rice, sunflower
and/or cucumber crops at the levels of the single leaf and the community. The
model here proposed gave reasonable explanations and predictions to the environ-
mentally induced variabilities in P, and E, in relation to the gaseous diffusive resist-
ances, canopy structure, LAY, canopy microclimate and the environmental condi-
tions of radiation, air temperature, humidity and wind. Over a 909, of the variabil-
ities in crop canopy photosynthesis, induced by the widely different environments
except for soil moisture factor, could be explained by a simplified model in which
only the two factors of the radiation and the crop temperature are considered.

Measurements and parametrizations were made of growth and maintenance
respirations, partitioning of photosynthates, specific leaf area and developments
of sunflower and/jor rice crops. The results were integrated into a comprehensive
dynamic model for the simulation of suflower crop growth from weather conditions.
The model well explained the vegetative growth of the crop measured under dif-
ferent environments. It was suggested from the sensitivity analyses that the initial
inclination angle of the leaf photosynthesis-radiation curve, the conversion factor
of photosynthates and the daily radiation give the largest influences to the crop
growth, whereas the influence of the leaf inclination angle is small.
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Fig. 1.1. Schematic illustration of a setup for the simultaneous measurements
of leaf photosynthesis and transpiration under controlled environ-
ments (Horie™). Notations are: AC, leaf chamber; CF, capilary
type flow-meter; CP, compressor; CT, condensation thermo-bath;
DC, dew point hygrometer; DP, diaphram pump; DT, dehydration
tube; ER, electric recorder; T, fun; H, water heater; HF, humidifier;
IR, infrared CO, analyser; L, incandescent lamp; NV, needle valve;
RM, rotermeter type flow-meter; Tq, air temperature in chamber;
Ty, air temperature at flow-meter; T;, leaf temperature; TV, three-
way valve; WB, water bath; WC, water cooler; WF, water filter.
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Fig. 1.2. Photosynthesis-radiation response curves of
sunflower leaves growing at different height
{cm) in a canopy (Horie and Undagawa’®),
Numerals in the figure denote the height in
cm.
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Fig. 1.3. Relation between photosynthetic capability and leaf
age for leaves from a sunflower canopy (Horie and
Udagawa™). Photosynthetic capability is defined
as net photo synthetic rate at saturating radiation
level, airtemperature 30°C, relative humidity
above 809 and CO, concentration 330 ppm.
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Fig. 1.4. Relation between photoéynthetic capability
and leaf age for sunflower leaves from a
potted single plant.
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Fig. 1.5. Changes in photosynthetic capability and leaf
area with leaf age for the 8th leaf of a potted
cucumber plant.
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Fig. 1.6. Relation between photosynthetic capability
and leaf age for cucumber leaves of potted
plants (Horie™). The photosynthetic capa-
bility is presented as relative value to the
maximum.
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Fig. 1.7. Distribution of leaf photosynthetic capability
with respect to downward cumulated leaf
area index in a sunfiower canopy (Horie and
Udagawa’). The numeral in the figure is
time of measurement in days from sowing.
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BRI D DR R X O Rashke (1956)1"%, Gaastra (1959)*®, Drake (1970)*, K&
B Q977)%, &k - FE (1978 Hic X » TERMCHASDh T 5, ZOERELRE
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3.1 HE&SLUHE
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B/ N BRI 8\ CREUE TR LB EL S 0 RREELYERECTHEL,
B BRSO KESE T 6, LAREEE T, SPELT, 2EDR1DL 7, (Secem™
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LT (REB™), BN R X 5 EEEREOIIEN 70 1IZ2EFD X 5L TR
bhhics

= 1.2

= FAEHERBOH AR X 38 7o 3 FRHE DT OERRICRE (19684 ¥
X O Monteith (1973)% 0 75 A& » 7R ORBREE X AT,

Yar=2. 63(d/AT)'* 1.3
X o TR Lo 7oL dideFAEDNRER (cm), 4T 11e 7V ER LR KR
e (virtual temperature) OETH5,

EF VARG (BARE), F2v ) GESERR vL¥e~vy (o7 ) O
BECARLEELT AV IELTRMKTER LTER L, TbbEES0.2mm 07 4
SRR LT EOMERBRBMKEIED <, EROELFEFRAOEIE % fFR L
o HETNHEDORILBERIZNLROEDI ) Thole, b~V VE, £X16.2cm,
ERE1I99cm?; ¥ - » U, 13.0cm, 182 cm?; KFEHEE, 19.0cm, 17 cm?,

EFVEOKRREEHREOWEL, BER0.1mm Offi—=2 vAx v & vEEN R X Ko
B Lc® 7V RECR DG O L2 BN TR L2 TiT TR o oo 2 OBE
3D EEN IO TR, IR X OERRCE T T, TRhEDEHEE S - T
ERRERE & L, RIARSHOKE L BEREES ¢ BABEH (EG&G, Model
880) TENTRME Lo %I Fuix B8R EE (Kanomax) CHIE L7,

BERBENOWEI V- THhoeF1EL L, BREFIKMCFETCRES X 5 AR
y PLTITI o, TOHEBL~YY, F .2 OEXESTPHIRZRTRICERR
oy b LAch, KREOECOWLTUIHIAKRCEALRES &L FTRBEOHEROWT
HE Lico BER0. 2~4.0msec™ D EEERAAN O 2 RS BELKE T CT o1z
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2%, F—EELETCoREY 2~ 3 ERE L,

3.2 HRLIUER
FavVle=v)OEFAECOCCHEE LCERBERIE OKREBELKDOEIEKEL, 7.
¥ X OB D A X % IREIEDT 700 ERGE u E OBFY LB MR ENTV5, AN
BTN CESEOE AR, TihbbRcERLTRANLROTWEEFTOWTOHEE
BWRTHD, Tl LINKCIAEO e FAELDNWTD, 1, BLU 7, LBEEOBRRRD
HERRS, REIAPWCTFIREE LPeEAREEC O W TRENR TS, WTh
DEDOVCTHhOBRE L = FAERMOEREOKERILEEII AR ETwohESL L
WA Lo

L8BIVLINK I TWSEMKEL, BECH LTI 721/ 280EEZZL D
POLHESOPREES X S RE N ERERTH S, BHE 4msec™ {1 DA
HBHIT0. 2msec FEOTAB T, £4F X - TRERER? S Th 3 JESXF

model cucumber leaf

Boundary Layer Resistance {sec cm')

la, To,

U, Wind Velocity (msec’)

Fig. 1.8. Effect of wind speed on total diffusion resist-
ance (¥q, closed circles) and forced convective
diffusion resistance (740, Open circles) to water
vapour transfer at the boundary layer on
model sunflower and cucumber leaves. The
size of model cucumber leaf was 13.0 cm in
length and 182 cm? in area, and those of sun-
flower leaf 16.2 cm and 182 cm?, respectively.
The model leaves were placed horizontally in
a wind tunnel with midrib perpendicular to
wind.
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Fig. 1.9. The same relation as Fig. 1.8, but for model
rice leaf. The leaf was placed horizontally in
a wind tunnel with the midrib either parallel
(upper part of Fig. )or perpendicular (lower
part) to the wind. The dimension of the leaf
was 19 cm in length and 17 cm? in area.

BT D0, L£HNCHETEEYDEFAELL, BRBOARIOLKEEN 7. B L0
BHIRTED 2 X BIRBIRTT 700 LHGE 4 & OBHRIZ DEORTHEDLES Z L2Vbi o
o

ro=ku !/ a9

Voo=hRou /2 (1. 42)
COZ Lk ET AV ERECRERET HERABIAEROREHH CIIBMTHDZ LEBRL
f% D , :hki%%l’(%%?ﬁ%?:g@ LT?—%’B%LVCL‘Z) \:hi »@@%%29),59),60),178),271) k_.
BLTw%, AEBRIVBELRL, 1D IV (1.42) ROKFIRK £k & k OfEIL
LIRRTRT XD Thotleo WThOETAHELL b OFM E LD REL, RERD
ex 7Y, ¥aV)OETRIOEINDY, KBOETILhIWNIBL ThoTo Th
R OECHELTIEST, HEMKC X » TERABOIREIEI B T5Z L 2R LT
Who

Table 1.1. Values of constants of Egs. (1.4), (1.4a), (1.5) and (1.7) for model sunflower,
rice and cucumber leaves.

model leaves ko k ky (obs:]l:ve Q) Aovs/ Asn
sunflower* 8.4 6.8 2.2 0.82 1.23
cucumber* 9.4 7.5 2.6 0.72 1.08
rice* 2.5 2.1 2.6 0.70 1.05
rice** 6.2 5.3 1.4 1.30 1.96

*, with midrib perpendicular to wind and **, with that paralell to wind.
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Y, e VY ROWTREGMEOFHRLY LY, KMECOWTUITHERES LLER
e, (1.42) XD by Tz h HRER dOTFHRTES L,
Vaozkx(d/zollz a.5

REDRhD, COLED kB ITEDAr — A LILERFRD, EoBREAR OXTHEEFEL
FERE LIRS, KREBOEFABEOWTL bR A O EDL L1ECRSh
Twnd, Try b OETECEESL VIR —ETLENRLZITAMNE L - TER
BT ENbnb, RABAEVE O EIKFBOETERNLRXZT TS LETHY,
BRALDEV AR ARBOETEFOREMICHE > TREYZTTW5LETHD,
FUBZEHTLe~v ) &F .Y VDETIT A O BERETRLY, AXoF=v V0
EI D)LY B e~ 7 VOEDCHMN b R BN D EBRRDBRS,
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. d
r‘"’_ﬁgs—h 1.6

7212 L Dy 3 eRh ok ER 05 FIERE (=0.25cm?sec™) TH %, £ LT ¥+ —
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2% R=ud/v;S; it 23 v VT S;=v/Du, TH%0, (1.7 ROLHIGRE A 1ZHER
12 0.664 12725 2 EMNB BN TW b,

1.5, 1.6 BITAD REANT, AERBROEFHYOETLED A OfERD LD
febzh, LIBEFRT I Thotc, MERIE A OBHECNTIARRTELRI:
BIEMEDH (Aps/Aw) BRIRTUVS, A O HEMEIZF = 7 V) OFER X OHEHEH LR
BT OCAKMOECHREY LTI LT, =7 ) 0ETIIHNANY, ERC
B CTREZF TS KEOETIIER 100 ZE L EHEY LEHHZ EAH B M IT
ol KFEDO X 5B VWET A OREEISERELZAZS LI LURRE -
B 1976) 12 X » T HEIh T2, '

A DEFENT ST T A ECS - TEREY E¥bh, Brthrfiit Kt
TRLCECRKEOETED L BB EL LTO2EDZ EHAEEIRD, Thhbb,
A DEFRERRAF R LT-HaRIBWIER S by 2REANE 70 R o T BT
DEDTH BN, EHOERL N UILETDE FALI DLEERIERL LTV, Biediiz
KWFTECPATR L KO ETRIBCRN T2 RIVEFAMCLEL, ToBERIRED
TR TORROBRAZIL L » T, WEP=ILF —DEIER L OFBMEEIRD L
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B CO, #iEA @em™); T 12KR L FEROFHE CO), THD. (1.8) RiekT,
FENOMEEROKERED 6Ty 3R T TRERBRNLTWS 30 LRl Shic.
1.8 HIU Q.9 RS TR 2 BHEENZENF T CHEIAETSL Z L0
T3,

EmWMBERBOEIL 7. 13, KA, BHOWEKTH, REGKCHIEE L AP EAOBRE
R fE- CTAMLBEEHA LTEREEXRIE L, WS TRENCTEBERL - GHRER I »
TRDIe THE (L REFWTKIEN 7 DA TNTHEIA T E2DT, AR
X0 rs BRDBZENTESL, ZDX5 LTEBRD 7o, 7, 3TN TKEBERCHTHHE
BB TH D5, REBFACDOVTOERLOHEEL, BREOCH;TINEERE © K b,
Thom (1968)22" 35 X O Jarvis (19711 0 & - T,

rac=ra(%: )2'3, rsc=rs(%’;'> (1. 10)

WKLo TRDIC, 722U Dr & D i3t h ZnKEREREBET AORTIBBH TS %,
Dyu/Dy D & 1T, Slatyer and Jarvis (1966)2°® ©1.68 #{H Lo

EDEDIRLT Tae, oo DIESRRED &, FRET 730 13 (L RILOKRDBZ ERT
XD,

DED IS LTELREEIAEN 7. 13, SHLOLALTERED 75 7 7 BOEN
L OWFTIESFICH b, BB EIENL (leaf resistance)’?»108,240 L 5 ¥ 4 D
Thbo LHLZ7F7 7B KRIEH L v —Hf 4 — £ —BKEL, BB LEDSL
DEIEIERTCELBEEDOREZITHE®® = L b, & & Tk Gaastra (1963)*°%
Ludlow and Wilson (1971)!%% o BE:ic Lizh T 7, %ﬁ}Lmﬁ (stomatal resistance)
EMLST LT B, .

FRERNEN 7 SBTHENS X5, EAMRATO ZEBLREOWENILEROES
CHE T, HAROBACE RGP OEE IR LB L b UE T2 D TH S,
ZDTd ry IEEEG (residual resistance)® LAt EOIERIEIL (apparent
mesophyll resistance)®® L 4 FIRTLV3 2%, KB Tk Gaastra (1959)*0% Ludlow
and Wilson (1970)%% LB Lz - T, Lo EIYEiE L CEAE (meso-
phyll resistance) LFE&SZ Lit§ 5,

d F—suBOFHX

TRTO—RHET -5 CO, BE, BLARE, ¥ 58 WE EEED 37-%
H— Fie v FEhic, am, REEER L OHLEENL, chbo7 -2 2EREK
X o TABELTKRD, (FRLTRRENT, HER, BROWEL 2 7 FILr3 TiTlk
bh, FLFA—&ETT3EMERE LT RbRER, AR IR LTT — 248
Ehic, ZOBEFHEE RECRBHET — 513, BERCHENIOEZELD T
DEEZT, BALTAEL,

4.2 HREIVEE

a. EARO CO; BERKLBEORER

1.9 R CO, W& T IREFRD e b3 HER LEIR L T 5 (Lake®™) o
T, TBRELCHEEOHZOBRRTHI B LN TFHEIhS, &2 A% Whiteman and
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Fig. 1.10. Relation between ambient CO, concentration and net photosyn-
thetic rate of rice and cucumber leaves at different leaf temperatures.
Shortwave radiation fiux density was 0.9 cal cm~2 min—1,
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Fig. 1.11. Compensation CO, concentration of photo-
synthesis (I"}of rice, sunflower and cucumber
leaves as a function of leaf temperature (7).
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Koller (1967)%% 134 { O DI DL TOREN D, TSRO LEBE LT OB
BEEEZRVCCIBECHbLTIRE—ETHB T LT LI, DI XL
FREEZBRVCCRRBEOHEELZ I E VSR (EP) E4—FH LT3, 20D
TENDIIREDHDOBEH LA LTMIE-Th, EFEELOh 2 EESL, &
TR EBEORBBREOVLCTORBRHAXITR I,

A BGEEANITRTT 5 HME TR R0 5 Big» RERLNT T, BEARD CO,
BREUNTORHHET CO, BEXEIIRALLED, Afile~7 ) OBEOREBEEDNE
Bl I0RERT L5 Thoto, =7 ) DECLBELRS D CO, B (#9330 ppm) %
T3, FeA iz COp BB IO L CHBMCIEINT 5 & & 73D bhi, —AAROET
1, BELMC X - TRBHEALD CO, BEET 5 U CO—EaRERER 2 57
NEBRDLEELHRLIDN, F0eRT CO, BE330ppm 35 F CIIEHEEATEL
DOBZIENE I THhD, IRIRIR WD, COZsiiF 7 IV0ETHL HET
B ot P bR CO—RERBFRIL 2T, ThETREL DIEMEOWTELR
TN D FERDEETOLUD L —F LT D, BEDZ &nb, BERGUTO CO; i
EEAcRALEDR, ERENTLICBE—ETH-> T, REGFEEIRICEETHS
CO, DR X » THEIhTWH EELBR S,

LI BT, REREENErcind CO, BENKARD CO, HE AT THS
2, TOXHSRLTCRDbN T R T, L0BERIILIINKETRT LS Thotoo AE
BB L 3EmEd GEYRBLCR Y TXEDER L2, WTFhofphEo I
EAFERDOERELIRAEL BB RO, BRET 0BG, L1IIKCARS
NBI5K, KFE, e~70VBIVF LT ) L 0FDRTEDLELZ Ehbhdvs g

I'=F30Q1og(TL—3m/m 1.1
2Tl X T 30°C D& ED I Ofl, Qug it I' OREREL, £ 1L TTRERCO
"C‘% Z)O

K, X7 VKBIOF 27 ) DEDORRT — s 0L 0 Iy OHEMIL, ThZhds,
563 X U°57ppm TH H, —J7 Qu, DMEIZENER1.62, 1676 LVL.63TH ot T D
X5 Iy DEIL, KIEOETHO 2IEHOEL D BN eB Z ERRLRIH, —
F5 Quoy DIEIZ 3R & & REE DL 65K OHEIC e D & L1l » o,

TD Qioy=1.65 &\ 5 fHIXREEROBEREIL.8~2.0THD (KHRX D HEVE) =
HEHBLT, BLARERI VDSV, ZOREE LT REETTO G /o o
IPRIIEER & D EHEARE LD 2 2 aah, T'OXEIIBEFER LD HEPRIC LS
TEELTCHZEIRTEDY, HOXPRITREFR L D $ES LRERFEIMEC & 28
Ezbhb, '

P, Q.9 RRX-TEREN v 2bED5%E, I 2EROZOERELT
A 1DFD, Z o THBLRCERERE LIRERAZRS,

b, ¥EELXAK, BHEIUCENILEER

TEEBTEET S B (SEHRED 13, MERoAEr L5 HEbenze C, &2
DEERZT TR 242 T OEREL TW5, 2D X5 RRECE LR LT, 15
DEDKER, BT L TEAY ABBENIRED L S REITHRELTW S 0% TR

~feo
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Tig. 1.12. Changes with shortwave radiation imtensity (I;) in rates of net
photosynthesis (P,) and transpiration (E) and ditfusive resistances
of stomata (rs) and mesophyll (ry) in rice leaves at a constant air
temperature of 30 °C (Horie™). = The fraction of PAR to I; was
439%.

11203, &BEEBEEBELY AT » 7TREE(LS I L ED, KFOEDNK & BUE K
P,, FRECRE E, KILBHL 7 T L CERER ry OIEBEOREBRETRTIOTH S, I
BT H O NEE XREAC]. 06 cal cm™ min" i @dic & &, P, & Erb by
SIS U EHECET 5 E TRINBEOKELET 2, C0LED 7 & 7y OF
L2Hmn &, 7y X0 1 OHNEFECETLHOCRREETS Z &b o, LRE
FUCETIRLCLED, #0025 ry LV ERBECETLZORRRHEETS LS 112
MXp@Edbhd, AEOZ ERF 2V IV BIPe~7 VDETLEDLAI, HEDZ
EDDIAR, BEOLBMEOACHTHREELERLEE LTRIMEMAOEI L » T
BHEIhTE D, RERORCERIS, BRIEE L TRILKEROERMEBAOIREILE
MEDIEPRETTEEELDND, '

HEDX >, ZHEEOXBEOECT2BELEOESIL 7, O N E &
BErEs LTERELTWB T Ehbh» T, 20 7, O KEREOEC 3 %8 HIEE
DEERNROED LS LTHES R, 1 12HMIETC, FHRELHEM L TR
s BZPATH) LEOBREILEZEL~< 7 R T—RISEEL, —HEBE 2B L
CTEIDBALD s SIS 3) & &DFhit logistic BoRE VWIS RARBR %,
Tiebb,

drs _  ¥s—Vs

e =re) .12
d?’s — rs<1_7’s/rse>
- d—t " __1_ Ty (rsgrse)- (1 13)
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z o T R (sec), e XBARVSARE LR 1 ODEEBETHD, (1.12) IV
(L1IDRE LT, 7s ONBEOTIEHTEBERECEROB(LNEDEERHLES
IEFELB I, FREFROXEEE t conWTHE T3 280 0B 5,

Ys=Vso+ (Fso—7se) €XD (— —£~) 1.12a)
=1/ (e (=) 1139

PR U ¥ 12 ¥ OFHHE TS %0

3 LGB L2 0BERETH LT, Q12D AREDTHSH 51T, (1.12a) XX
DSBS ¢ Lo ¥R, In{(h—7w)/w—Tw} L OMCIERBERIFEET 2137 T
Bho ERKINEALS L XoBELECR LT (1.13) KRA3FDHTHHE, (1.132) K
InteoEnE In{Q/r—1/7)/A/ro=1/7} & O FH CERBRIRIL23T T
Bo = OBIBREAMOECONTHNONL IR TH S, )

1LI13MX by, SN L E (HoEM BIVCHALSLE (ROoFHD 32t R
X HBEADIESOENASRLIDOD, =7 efeiT (1.12) K& A1) K70
eI LT 5 BERERY LSRR LTWS L akE b, NOBEROFEOHEL
BEOBER c ¥Fb T, COARNLRDLNIKIEOED ¢ OEIR, KIAFL &
XI5, BLDEETHONThoTo 77 Y, F a7V DECOCTHRRRT
BT AEELRLELA, SN EE e~y VDETHE6S, F2V ) DETHES
Thy, SHANFALD L EREEYDOELININ THoT, TOID 1, KBEOEIL
T3 s SAES 7, OINEORRERY, #HRLCIEYO E LIWNUARE LT E
$, KA L EI VLS L EOFRERFLETD Z &bl o,

Van Bavel & (1965)*” 0K FUENE X 582 OIEYOED v, DEEELOHEZET

Time  (minutes) Time (minutes)
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Fig. 1.13. Changes in stomatal resistance (r;) of rice leaves with elapsed time
(t) after a stepwise change in shortwave radiation intemsity at air
remperafure 30 °C (Horie”). Left, opening response ; right, closing
response. 7y and 7. are the initial and the final steadystate
values of #s.
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Fig. 1.14. Dependence on shortwave radiation intensity
(Is) of the rates of net photosynthesis (p») and
transpiration (E) and diffusive resistances of
stomata (7;) and mesophyll (ry) in rice leaves
at 20 and 30 °C leaf temperatures (Horie,”®).

—Znb, 7y DIGEORERERDILECH, BERIIWIN TH-» TERROBE L
B—%%T5z elbholc, BECHLACERII 5%y, O BEILE O BEHOKE
XL, —HHLEOBEA Yy - CIEMONER, EEEYE L 5558 LBSEED
AEREZEBEIND, THLLEBEROIEERLEHE ORI VTIE, FXrvink
BT 7?7, ty DEBENRED LS CHEINLI I ERDBE ENE—REETHY, EF
B\ % E CORELERTRNEHEC T E W2 bh 3,

HMEnz &b XMELLE v ORFERO 3 EEBE (U309 oM AR L &0
SIEHRHAR, BRHEECWUEEDFHERLSL - T, ThbOEEMEE L L,
1. 14K, KIBOEDEER %20°C 55 130°C 0—EEEL R S, SEEREBRE
BELRRI L EORAR, BEEER X OKIER () L ERER ) OEEHEOLE
AR ER T\ B, Tl 15 ~=7 Y &3 a7 ) DEZOWT, HEE30C ofs
DEND OE & LEFHRETRE (L) LOBRIARIN T 5,

AL THOEYDOEL DER—EOLET T, XEHK, BEEEZ L EME
FI3 20, HECHEOHIEER L » S ECERE cfECETI Liibh ol T
HIHERIIE 7 & 7 OTODEBHANIRE &L OBFREES T3 o L, ZHEL 7
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Figf 1.15. Same relation as Fig. 1.14, but for sunflower and cucumber leaves
at a constant leaf temperature of 30 °C.

DAREEFELTED, Lhd 7, 0F ry X 0 ECEHE T CR/MECET 5125 ThH
B0 FTlehb ¥, ra 13 & D HMEOHE MO CTHEHEER O IHAIEH B\ RSl
MR T T 54, 7 XEENEEEER 0.5 cal cm 2 min~! CRERE DS PAR, <
#0.22calcm™?min™!) THR/AMERET B DRI L, 7x 137 0. 8 cal cm™ 2 min~! (PAR ¢
0.34calcm™2min™") CTHRIMEETS Z LATD LT,

SALES 7s D BIR Uc X5 I G R I R B0 B e & IRk LT, 251 & e
EOBREIAEDRERBELRIELTWEZ L4114, 1LI5EI vEDdLh B, T
bOLEEROF vV e~ 7 ) OEOEKRE L, 2EERHNEERD 0.4 calcm™
min™' ¥ CIEXXMEOHME LI L, £ LT OXREL Licied &R E= %
AEF—-DEMCEALTEESZ ENAbRD, ChIIFEERTIEEEOHEME b
KIPBCT 7 2/ NEL 7Y, B =3 A ¥ —3EELED S L » I EBRELTHAR
ERAT20RN L, BHAERMENULCIE 73— L 7o T RHE=2 A F -0 Bt TE
TRODLFEACERTIRDEELDbND, COX 57 © FERT RIETEEIMED
KIBL D IEEDe =YY, ¥V VOETI VEELRLIEH, ZhMLERCET
BAEDOHE I TRINTC LI, EEERBOEI . K&, AUER Lo Bk
PRERTHBZER LD EELDNRS,

LIRS L0 L IR BT, T COEYDIEE b 55EEL L R0 Tt 7y
DFB Y LD LBEBLRECC ENEDEND, 2O LMD, ZORBERCIIRER
BEZ V7 L0d ry REoTHEESRTWAZ LS, —FBRERCETS 7, & 7y
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DFEAMETDNTARDB &, ¥ DR ¥ L EFRKEG OB 255 IEHERREE

(e=vY), $9VE) Thbd, LinL L. RRLELLIKE, REEROEHD LS
HRHEERAETE, 7 IEAREN LTHERERTCOBHEOLESOXRE I TEAT %,
Lo THERE RS TOXERL 7 L0 d 7w RE-TEELTEE IRLTHWS C
Ll de DEBETACAERCER LT ToEYOEL L, LERERRLNEBE
BB TKABRI p 3 EARABRC L > TEL LTHEIR TS LS LR TE
%o

FIRE L LTHRBEO X RIGE L Tw5 C &% Kuiper (196419 % Mansfield and
Meidner (1966)1* Bz X - THBLMC IR TW5b, £ TEBEISOR Y EERE
kst (PAR, 400—700nm) 8 & - T 7 EDOBKRE = » P LEEZ AL IR
T XS IR E bR, AN TIRER20~30°CoBE TR EZ >\ D 7, OHl
EfER, FxOWPEr —ABO 1, ORMEZ 1L & > TEATELTHRER TV, T
TrRLAh LR, WTFhoffoiEL L PAR 3E0.2~0. 25 cal cm™2min~! f3F 7,
E/MET D, =0 it Ludlow and Wilson (1971)%% % 1 0% Frank and Baker
1976)*0 MMBDTEIT D\ THRICHER LD KL T35,

PEDXsw, SR L SEYDIEL L 7 I3IEE CEL Lz PAR B2 TR &2
b o leh, BN ERA v ORI AERZEN ORI, Tiebb Ko Tk
ZDHIZ20~40TH B, <=9, F. v VOETRFNILE~10TH T, BERETT
DEASFAENL, KILOHEDCLZLLT 757 FEBOBRLEE LTV, =y
VRIVF LV VDETERZF 7 EIPKBOEI DL NE VD, A WL hbLDE
RIBEETCTHRIANELA LR EXRE L B b,

11RO TREABD L5, BEROEBEVEIAbLLT, THER 7, & PAREE L
DREARIIVWTHOEYDIEL I 2EDORTILLELES Z &b o T,

¥s=¥s,mint (ra,max_‘rs,min)exp<_‘8p[p) a.19
r r
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Tig. 1.16. Relation between photosynthetically active radiation (PAR)
intensity and stomatal resistance of rice, sunflower and cucumber
leaves. The stomatal resistances are given as relative values to the
minimum resistance for each case of measurement.
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Table 1.2. Values of parameters of Eq. (1.14) which gives PAR dependence of stomatal
resistance, and Eq. (1.17) which gives PAR dependence of apparent mesophyll
resistance (#y) for rice, sunflower and cucumber leaves in C.G.S. unit.

¥s, min 75, min B M0 &
leaves (sec cm~1) (seccm™}) (cm? sec cal™?) (sec cm—?) (x10-2 cal cm—?)
mean S.D. mean mean (X 100) mean S.D. mean S.D.
rice 1.8 0.5 47 15.2 2.2 1.0 1.0 0.3
sunflower 2.1 0.9 18 14.1 1.6 0.7 1.1 0.3
cucumber 3.4 0.5 21 9.7 1.9 0.6 1.2 0.2

#s, min denotes the minimum stomatal resistance; #s mex the maximum stomatal resistance;
Bp a parameter; 7o the minimum mesophyll resistance at saturating PAR intensity at
30 °C leaf temperature; ¢ a parameter.

PR Vomm (ZERETFRBGS s OBRME ; Fomex XREBRTEBIT S 15 ORKE ; L1k
PAR B, 71T Bp i3 7s ® PAR KEMZBE ST 2 ERTH S, BT — X L ViR
L7z Zoomins Po,max 385 O Bp DEREEHOIECOWT L 2RI IN T %,

7y DBKME Fomax) WEEZERDDZ LT OB, L2EID 70 RK/ANE
Fomm) & Bp DEDEIC L - TRRBTENHZDID, <7 Y EATROEIXZAE
BED Vomim & Bp DIEXETBEORHL, FaV IDED Ffimn T EFRIDS WHRK
%<, %7 B» HLMRPI\, EL-Sharkawy and Hesketh (1965)°*® 7 —#Td
Vemm CXEEERZDR, AXBO=vA27Le<7 Y OED Vm (X ROEHOIES
DI NT ERRIRTHHA, AEROBES THE—HL, 22 Foun OESHD
DEEMEITIESE LT,

Monteith (1963)®, Chartier & (1970)2% ¥ X ¢* Jarvis Q97D'® Hic X » TRdh
T X 5, ERER ry it ERMRATOSRREOYEN LB OB m Tl 2
T, HESRONAZR ISR Ui e RBIEsT 7. (excitation resistance) & 5SS I BGR
LIz REREI L v, (carboxylation resistance) # L @HFETHIDTH D, Tahb 7y
o hEoEROEFIFTH - T,

Y=V m+¥. 7, Q1.15)
CIoTHELbhs, EEERBOEL v, REIEN 7. HKERS CO, OWERIA
BoEHTHD ORI L, rr i FIREhi- X 5, ZE{LREOWEN RILE OB
mz THERDEMEN L RLOEN LI EET LD TH D,

LIEEL IR E VT, TNTOFEPDOEL L ry ZEBEOHIMC O GER R
RRIETT5C EBRRLR, Zhid vy Db O KRBIEINE O X 5 WRBERRIG
LTWhledEE L bhb, Monteith (1963) 13RI 7. &, AR EIHKSH PAR)
DR E LTOEDRTEL LT W5,

7,= 1.16)

&€
Ip_Ipc
oI, & I 13 PARBBERS I URARD PARFHESETHD, c XEHTHD, 20
R X T 7x D PAR MR £ BEZHLEINEHENCONLITRTH S, Tiib
b (1.16) REPIEoe b re & 1/UTp—1y) O M ERBERIFET 23T TH D,
HXbzoWEor i3 T OfEHOEL S BITERBERIERL TS Z L2RbR,
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Fig. 1.17. Relation between apparent mesophyll re-
sistance (ra) and the reciprocal of PAR in-
tensity for rice, sunflower and cucumber
leaves at 30 °C leaf temperature.

(1.16) 4% 7w © PAR (KE#HE R D X< FEbTEDE W 2 5,
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' 7m0 a.17)

£
Ip—]pc
Pt L e 12 U/ Tp~Te) =0, Tib® I, NEEAD L XD ry OECHIET 2EHTH
Do (1.15), (1.16) BI T L IDRDOHEND, 7w BARBENS LY DEED 1y O
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CoOLED Iy & e DENL2ZERRINT WD, ¢ O ECIXAREREHENZDLIE
Drotedd, =TV, FaTYDOED ry OEXKMOEL VI ES/ NS EDBHLR
?-o EL-Sharkawy and Hesketh (1963)** 0 ¥ — % %, v~ v ) 01l C; o3
IDLHALMIPI vy DEER LD ERAREINTED, REROBETIZDZ L
HH: BTz, ‘

e BHEAEROEAERIGBERLTED, BERTOXEGRON=F A F -FIBIERS
BWEIREROBETFREL IBECEFELTWEY, TR EEECER HE
BRDONED o T —TF Tuo IBHTRENS XD RERICAKEIFEIN S,
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Fig. 1.18. Changes with relative humidity (RH) in the rates of net photosyn-
thesis (pn) and transpiration (E) diffusion resistance of stomata
(rs) and mesophyll (ry), and leaf-air temperaturé difference
(T1~T,) in rice leaves at 30 °C T, (Horie,?0).,
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Fig. 1.19. Dependence on leaf-air vapour pressure deficit (VD) of relative
values of rates of net photosynthesis (pa/pni) and transpriration
(E]Ey), and diffusive resistances of stomata (#s/rs;,) and mesophyll
(vu[7ay,) in rice, sunflower and cucumber leaves. The relative values
of these quantities were expressed by setting the absolute values at
10 mb VD to unity.
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Fig. 1.20. Dependence on leaf temperature (Tz) of the
relative rates of net photosynthesis (Pn/Pns,)
and transpiration (E[Eg), and E[P, ratio
for rice leaves (Horie!®). P, and E were
presented as relative values to those at 30 °C
T:. PAR intensity was 0.28 cal cm—2 min—1.
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Fig. 1.21. Dependence on leaf temperature of stomatal resistance without (7s)
and with (#'s) correction with leaf-air vapour pressure deficit, and
mesophyll resistance (ry) in rice, cucumber and sunfolwer leaves.
The resistances were presented as relative values to those at 30 °C
leaf temperature, and PAR intensity 0.28 cal cm—2 min-1

Table 1.3. Values of parameters of equation (1.18), which gives the relation between
leaf temperature (7.} and apparent mesophyll resistance, for rice sunflower
and cucumber leaves at PAR intensity of 0.28 cal cm~2 min-1.

711, as8(Sec cm~T)
leaves mean as S.D. C  ky
rice 3.7 0.4 47 0.23
sunflower 2.8 0.4 39 0.23
cucumber 2.7 0.6 42 0.21

7y ,ast I8 asymptotic value of v at higher temperature.

ru=ru s{l. 0+Cexp(—k, T} (1.18)
eI Ve RERZFD I & ED 1y OWHEMHE, C & k1% vy O ERKFE ST
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T DBEFILE Vo OEIXFHC X - TR D, KWOEDO FRIZ F 2V VR~
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D, KEOEN LD 21EHPOEL D b FVERNER L L o TV B 2 EERBL TV, —
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uBBHEELTHE Re=ud/yv ThHbo, S Priz7s v r gk (=v/K), Gr 1175 =%
»y 7RELT A BRIERERTH S,

7 ARy VHWWIZEBEOHREELER L1z, Monteith® oo ¥R Ev-bhvi,
Gr=agd®|Ty;,—Ty,|/v? Q2.9

T T e RZEROBERERK (=1/2713°CY, gIXEIOMEE (=980 cmsec™) % L
T Toz & Ty BIELBROREE (virtual temperature) Ths, F—BGHO [KRE
DEFDEDRANDLD LD LI,
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Tyi—Tye=Ty—Tu+ 1;% (T (To+273) —e(Ta+273)} (2.10)

el L 0 KRR OERERCHTABEL (=0.622) ThH 1, P mAKE(=1013mb)
"CZ’D bo

KEGE ST 5 KILIEEARDT 7o IZRTEOEKBRRICE DT, HEBE R
I, E-SEofE VD sIOER T, 0Bl LT, 2¥0RTHELLR,

7sv={Fs,mmt (Fmax—7s,min) exp(~ﬁﬁlp>}f<VD)f<TL) 2.1D

7?2 Ly Fomins Pomex BEO Bp 12 (114 RTREhC X 51, ER3C tho> VD ®
EED I & & ORINSIENE SATIEIES LT 7y © PAR BE I, kFE 2R
Yo sEREFREFhEDL T, VD) L [Ty 3ThZh ry T3 2R
BlokZESEE VD SIOER T, 0OFEYELTERLOBEK TCH S, (VD) & f(TD
1211985 L 0L 21K R I T A BRI ESWT, FhFPhoFoRE X - TEHELD
iz,

FWD)=1.0, (VD<VD, pr¥) |

: FOVDY=1.0+a,(VD-VD,), (VD>VD,) (2.12)
B IO »
JTD=1.0—a,(T1—30.0) 2.1

2 TVDe it 1y T 2REOHEN B LIS VD OFERE LLT ar & alkry
LVD 5T, L OBFRYELT IR TROERDOAR TH 5o (2 IDA THRILE
HERETEDOKET vy » VOFEIER IR TRV, ThEEERGTREEER
L 5 T TR, SILBEDOKRT vy » VRN MW THERNCKREBERK
ETs v EIEAHO O TESWTW5,

KELREC T 5 EEER B O JLEIRT 700 1X, > ¥ @ Thom (1968)%" 0K 1c X »
TEDIREIET 72 B BRD BRI,

ar=(5/D)** 1:4=0. 93 7ar,  CRBIXI) }
Yar=C6/DD"* 11=0. 9270, (HBERTD

72721 Dy KL O TFILESRH (=0.242cm?sec™) TH 5,

PEDZ EnbBLM X SR, ZOEFATRER T, B E 2 UTHREEN 7,
7 AR E LTS, FRESGCHE L boEHOMER, 2 D~2.10 o
HANYETINCFEL R I - TELRS, 2hbORNIERHELEA T %O TN
HNCIYEG w0 ¢, REBEEO—>DHETH % Newton-Raphson 199,29 3z ¥ o,
THENEL 57w 75 23,
T 2.3 AR

MEOEEBUNER L v, FBRELG IS LcER BT 7., 1 52 0h %,
+% & #hb% Gaastra (1959)*° ¥ & ¢ Holmgren 5 (1965)™ 12 X » C R X hic BK
BB O+ — 2 DEMEMAL, 2&¥0 CO, MERMERATrC LIt d - THEE O LM
(net) OHAFRE P, BZRDDZ EDBTE D,

Pl (2.15)
5 Fact7s) +7u

2.1D
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7L Co & D' 33EDFDZER D CO, BE AR D CO, MEA (gecm™), % LT Y,
e BIOry B ThThERERE, K L TERO BMILKEDBBEIEH (seccm™)
"C"é‘éo

EmBERB L KALO CO, BN (ue & 750) 12 CO, L AREODTIEGEE DA H
W, KBRCHTE2ERLOMEILEIED (1.10) R X-Th &dbhs, ERE
Hre RHRECESCTHEINC L S, FERMRANTOBLKEOWIER IkEER
Ty HABOKALZRISIC BAGR LI ERIBERTT 7. 35 X O'BERIG @ BIGR L 7 IREEE I
Y. DFIE LT, ¥R TEHEL b D (Monteith!®®), Jarvis®, Chartier and Prioul®),

Tu=Vp+¥,+7, (2.16)

FIGRER X 5T, Z LT Tatr BBERI-TEELTHEREIAD Z EBXWALILR
T2 o TN B 19108L,18,189 | = D2 F A Tk 7y RETE TR I Q.17) X& 1.18) &%
HMEHET, 3R T, & PARBE () oL LTo¥oRTEb T LR LT,

rMZI _5] +7’M,min{1+cexp<_—krTL)} (2- 17)
» pc

BL, 7wt PAR BES I CERNTSCECE ED vy OFME, L (EERON
FESELT, Gk, RHETHIZIACEREN THD, Q1)K D LB B\
T, @17 ROF1VEIXWEIEI 7« &, FLTHE2EL 7t 2 FRFREDL LT
B EARILED, ,

Q. 1D)RDKAERD CO, WEA I3, PAR BE LER OB TH LA, KoFEIL D
CEEBRRBELR TS GEIEDL2fa) b, T TCREROLOBMNE LTS
EDERNETH 1,

(TL-303/10

. I'=Tg ng . 18)
ZCT I RERENINCOLED T Of, £ LT Qu i I DBERETH D,

DED XS LTHERE IO T 252 0546, (2.15) Riz PAR BEIEER O KT
HA (o) DEOBHEIEBTORERTHS, PAR MENR e D &L XONEFEE P,
IIREEEORE R L ebitFhiEnbuwit, ZnlEn P, 3oF¥0k5rLT
Hz bhic,

(TL-30)/10

Pro=Rs=Ry3 Qoa (p=1Ip) .19
Z T, Ry ZER3IC 0 & ¥ OBPREE (gCO, cm2sec™y), F LT Quoq ILFEER
DEERBTH5,(2.15) K& (217 Rdvd, F—XARMEEONHE & < ONF 1T
(Ca—=ID/e LisBD, TORERPARBEXYrD SETEETEZI0LTHL, K&
BONXHESR (o 1,

I,;=R, cot <9:—T) (2. 20)

TrotTHEzbhD,

24 L3al—a (CERENLNT A—4{E

QD Aprb (220 RETOERANCL T, (FYEEDCER, HEHE L TRAREE
SRBEL OB WTEHET2 Z ERTETH S, ZOBEETFACEET 5 AT
DBVIIYWEZENLHE RS 2 - 2 0HEBEECOVTHTC S 2 bRl bitvy, =
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Table 2.1. Values of parameters used for the numerical simulation of leaf temperature,
transpiration and net photosynthesis of rice, cucumber and sunflower leaves
under various environmental conditions, in C.G.S. unit.

values
parameter explanation

rice sunflower cucumber
4 constant for Nusselt number in forced convection 0.8 0.9 0.9
o parameter for temperature dependence of 7; 0.0 0. 025 0. 025
oy parameter for humidity dependence of #g 0.04 0. 045 0.033
B constsnt. for Nusset number in free convection 0.42 0.42 0.42*
B» parameter for PAR dependence of s 18.1 15.4 12.6

{x10% cal™ cm~? sec)
Cc parameter for temperature dependence of 7y 107 104 145
d characteristic leaf width {(cm) 0.9 15.8 15.8
£ parameter for PAR dependence of 7 (x 102 cal cm-3) 0.89 0.89 1.40
Iy compensation CO, concentration at 30 °C 8.6 10.1 10.1
(x10-% gCO, cm—3)

Ry parameter for temperature dependence cf vy (°C-?) 0.23 0.24 0.21
wm leaf absorptivity to shortwave radiation 0.5 0.5 0. 5%*
Q10a temperature coeff. of dark respiration 2.0 2.0 2.0
Q100 temperature coeff. of I” 1.62 1.67 1.63
Ras dark respiration rate at 30 °C (x 10~° gCO,cm~2 sec~1) 12.0 12.0 12.0
7M,min Minimum mesophyll resistance (sec cm—?) 1.6 1.0 ' 1.0
7s,mex Maximum stomatal resistance (sec em=1) 45 22 22
7s,min mMinimum stomatal resistance (sec cm~1) 1.7 1.8 3.5
VD,  threshold value of VD affecting 7; (mb) 15 17 ‘ 18

* quoted from Takechi (1968)%19 and ** from Monteith (1973)15%)

DEDH T 2 —Z2DOEOREHL, MEBELCEVTARN =7V I0F.v ) 0EL
DL TEBICHETIRTEY, 2003 OEREETILERASFHALTER LE, £
BRI HEE L5 A — 2 DfERFICL, v iVl —v s VERIEAEORELEL
T, BRI REINTEEYDECOWTOE AT A —2DEN21IEBR IR T
Do ThBEDAT 2 —2OERHNECERT -2 DHECRIEEENRDLDTH S,

v3al—vg VIERED CO, BEM 330 ppm T, £EHERGHC 5% PAR oFlg
N3% DB OV T d iz,

3. EFLICEBDLIalb=3 DER

B CRBA Lice T b7 2 -2 DEEXHCT, Kif, F2VIRLITFe~v I OE
EOER, BB IOXAREZEREE L ORI OVWTOREY S 2V — v v & T
Roteo UTORBVEEBRLS Z LX), MECERERBOBEIIIE S o
KILEAD DI CAFROEL, RETEABENINKRES LA KRAERI KRSV 1ER
BHOPNZNF 27 ) DELOWTORY I 2 V—v 3 VEREZRL, METRLIER
B Ial—va VEROBHEIT) 2 LT 5,

3.1 ¥, [EEHLER, BHSIUREK
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Fig. 2.1. Simulated relationships between leaf temperature (7z) net photosyn-
thesis (Py,) and transpiration (E), and shortwave radiation intensity
(Is) for different air temperature conditions (Tq) in rice (left) and
cucumber - (right) leaves (Horie™ %), Air temperature (T,) is
donoted with the numeral on each curve. Other external conditions
were 709, in relative humidity, 50 cm sec—* in wind speed, 330 ppm in
CO, concentration and 439%, in fraction of PAR to shortwave radia-
tion.

KRBEF v ) OEDCHER, Bl I OREGREE LXR, ettt oBEFonTo
VIal—¥ g VORESR, £EEIATREYECE -T2 1HEREIh W5, AR
W EGE 2350 cm sec™! THRBEAT0% O LI KHIET A D TH B K, 2V VDIE
EABRETOERIKRE X VLTl BHARELRD D oN T, FERIXETILR
BFBPBHDLVEI b LaBEM U, &% —E0lsmEL el &R
B AL CERRCHEINT S, COX ) hEROLEA A2 —viREIED ERFE L
1.14, LIBRERVWTLRBAZ LTHD, EBAOKMOETLARAB IR TS
(g, REFICLTHDD, viav—va VERTLZOZ EXAEE I, st
BEOHEIMC AR THPbhAZ DX 5 REROT- % — VIR THEBE 2 h
TEANBC & EIED4DC) LEFELTY S,

21K v iav—vg VERIY, WEPOoEL L E-KEERKEN R EAE
{eBZ &Dbhd, CHITMAIKERENIROBENMERTFTIREDS VT EERBL
THbRZADTH B, ERBELELETOF 27 ) OERIIKFEOFR L Y 225 B
2, THEEETHDF =9 ) OFIEREOBEEEN 7a K E VT Lz KILE
7 bRECIEDTHD, TOZ LIZA—KREEET LRV TABEE I KROENRE
v VDEFEEhsTuBIERLLHELNTH S,

EECEE RS OIEL b, BHRETRAERI T LR Ciigne, Bitoims
EHREINT A Ebd o, RHBEOHINMC L3/ 20X 5 hAROE % —
Vi, B TR &2 LOEER cRERRESERO LAY E UCENT
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BT ENLELELDTHS,

YW A ERMBIEBRSET CRAMEA W LREEER (v 03D wieh, KRR
FERREAERS R FL L) FH IR, EKET CRH—Jea iR R
Flicte s D1, AR ORLZERIGIREF L T3 bbb, Bo¥EmT k- T
FEENEE ST, 74 O 5 bO ERMAN TOTELREOIFHIEN & RBEEEILOM
7)) DEAT B D EEL bR D, —HEKRT T 7ot RAMERET W 5 27
S TED, WREOEIMCHE> ERO LR rt7. YEECELIERL-ORIRLT,
Yoo CO, Miga I otk &, E—RSHOXETHELHA L TRIAER  2KE
B HAClERAL, Sl LIREEROX—LERMRE L bTID0LELD
ha,

F oV ) DETIE 7 10 BT 1 BKREL (128, LORBREECKTS 70 ©
BER K E N Z DIDRIESMED 7, RRIFTHEIEENCEARERCKIRL T,
=9 Y DEOEREGT COR—HERBERIRHEBE /R -TcdDEFELDNRD, ¥ 3
al—v g VERCALRD L 5 IsRBEEE XA MBI, B8 - il (19751
DOF 27 Y DEOHESROBCEHR T ADND,

21D v 3 2=y VBRIV, BE - BLAFT CRATEOEDXFHEE
NELTVOFREH-TED, THIIERER 1L14, LI5ED Lb—FHL T3, &
DISF =7 ) DEDORARENKTROZTNI VEDOIL, F2v ) OETIL 7y 1T/
IV DT, ¥ & 7, OWHEIKZVEDTH S,

22K, 21N RER v alb -y VERAKEYHEEC E - TREATH
Do TTRR~N LS CEREKBOEIRBENF MG L, TLREIMECEEKRESL
Do DT LIT22KnLLPHLEDbID, KEEI TR v ) OELIFE N
HEHBET N TORBET &b, HEEEOME L8208, KAV LEEDCFEIL/
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Fig. 2.2, Same as Fig. 2.1, but abscissa with air temperature. Numerals on the
curves denote shortwave radiation intensity (cal cm—2 min—1).
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L, BBV EEEORMENEE LT - T %, vial—va VERILALRIZ
D X5 I EBERE &Ytk X NEE L&A L O 0—RIBIfHRIL Gaastra(1959, 1963)*4+4%
DEBRBRLEL—FK LTS5,

HAROBBEIBIIIAESOEME & b ERACBT TS 2 &4, KiEoFEC2WT
DY Iav—va VERELRDISE, —H* a2V YV OETIIDIRBEE CRIXNLEROK
BEREREEACERTTS2, Fhll b’ tEREoHEMc Sh CTRESRE,FTE
T2 RAbR, 20X kF 7V OEDEE, BEHEET TOREREOEKT
BHL, TORBARY S, ERABEC B L CE-ESHOEERKE {Its TK
AL BhdThD,

2.2 RBNT, KFOED Fi2iF -7 ) OEX ) HERBCHRERSZHBETTS
CERREBLRD, vIial—v s VERERZIDI SR s DR ED LS EBI X
Do BlIEABOIELH ST 7, 7, DREVF 27 VOEOCHIAE—KETTH, HHEK
DT bR ABOEETHLEENESL LGV & 2Kk, ERENR v X @ 1DK
CRERS X5 CEROE TR TIRMBIBIMCHMT 2%, 7w © XERKG © 235
Fie 552 ik F = v U OBERIAT 7, 7, 2V EL 7y O KEVCKFEOEDTHRKE
DT, 7y OEEERGESABOECILL Y EENCHEARCKETS 2 &, DZO0HK
Lo,

LB 2R, EETFCOREROBEREEY R B TH LTV 5 EREIKAFRD
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Fig. 2.3. Simulation results on leaf temperature (I'z) net photosynthesis (Pr}
and transpiration (E) of rice and cucumber leaves in relation to
air temperature (T,) and relative humidity (RH). Air temperature
(To) is denoted with the numeral on each curve. Shortwave radi-
ation intensity was 1.2 cal cm—? min~! and other environmental
conditions were same as in Fig. 2.1.
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BERIEDEETH D, Vo s OKRELF 27 ) OECRFNRSEQEANFROBELEL
DEBLENT 5 HARERT ORI, Yo ¥ OPNIWKFEOETIIRRIGAEN X
DLEH L IR TREEMCHIE L TCHB I ENETAY I 2V —v 5 VORR X
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3.2 §F, BESAHLER, EHGIUXER

iR, BELGLAHMBIOF v ) OEOER, LAHKE X UEBEE & OBkRO &~
falb—vg VERN2ZINERIR TS, ARZLEENRNEE 1.2calecm™?min™!
% LCRG#ES0 cmsec™ DL IGT 5D ThH S, MIFHOE & T XTOKESEH
TrNT, BEOETRONTERMETL, »oZEBuIEmMT 34, ThboZ ko
EARBEERCR - TAEL, BEERTIRNELI RS Z 2k ol, TRIZBER
ETLTE—2EMofEE VD XH5EU /s EGFEH v X VD w ki LTk &
BT EHRBEL T\ B, ,
BLIFOBENR DL —EEY TR &, BEOETRE O TKIEEL: 2 v ) DEDN
BRIMETT 55, CoHARBRE FEEEETHI LN 2.3IMEETALRD,
BRETCTEBEOETR L - THAREENMET T2 01X, T ~<bhizkdr VD
BHEMLTr BPKEL LB 1D THS, BRE T CILBE—RBEGRN ER THHZ &
PHPELRE SR, VDR 7 ZHEAIRZEERIREL LSV, LD - TEKE
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Fig. 2.4. Simulation results on leaf temperature (1), net photosynthesis (Py)
and transpiration (E) of rice and cucumber leaves in relation to wind
speed (U) and air temperature (Tq). T4 is denoted with the numeral
on each curve. Shortwave radiation intemsity was 1.2 cal cm—2
min~! and other conditions were same as in Fig. 2.1.
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F LCHRBETOY D&B BT 500 ThHD, MIFPDIEL L BE B >h T
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Fig. 2.5. Comparisons between the simulation and the measurements in leaf *
temperature (T;) net photosynthesis (Py) and transpiration (E) of a
rice leaf for different radiation and air temperature (Tq) conditions
(Horie®V). Left at low (16.5 °C) and right at high (29 °C) air
temperatures. Circles denote measurements and solid curves the
simulations.
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Fig. 2.6. Same comparison as Fig. 2.5, but for a cucumber leaf.
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Fig. 2.7. Comparisons between the simulation and the measurements of the
influence of air temperature on leaf temperature (T'1) transpiration
(E) and net photosynthesis (P») of rice and cucumber leaves.
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Fig. 2.8. Comparisons between the simulation and the masurements of the
influence of ambient humidity on leaf temperature (T'z). transpiration
. (E) and net photosynthesis (P5) of rice and cucumber leaves.
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. 3.1. Relation between daily sum of total short-
wave radiation (/s aay) and that of diffused
shortwave radiation (f;aay) obtained from
the measurements during July and August in
1971 at Tokyo.
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Fig. 3.2. Relation between daily sum of total shortwave
radiation (Is,qay) and that of photosynthe-
tically active radiation (Ip q¢ay), observed at
Tokyo during July and August in 1971.
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Fig. 3.3. Relation between percentage PAR radiation
(I'p,aay/Is,asy) and percentage diffuse radia-
tion (I,asy/Is,aay) on the basis of daily total
shortwave radiation. Observation conditions
were samc as Fig. 3.1.
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Fig. 3.4. Class-averaged daily courses in total shortwave radiation flux in-
tensity (1), diffuse shortwave vadiation (I;) and PAR (I,), and ratios
of I;{Is and Iy/Is. The observed daily courses were classified into
5 classes according to the level of daily shortwave radiation and
averagedin each class. ‘
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Fig. 3.5. Vertical distribution of leaf area density in a
sunflower canopy at different growth stages.
The histgrams show the measurements and
solid .curves the approximations by Beta
distribution function. zz, the height of the
canopy; Z, the average height of the distribu-
tion; gz, the standard deviation of the distribu-
tion; F;, total LAI of the canopy.
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Fig. 3.6. Probability density functions of leaf area distribution with respect to
the leaf azimuth angle (¥(8)) and to the inclination angle (¥(«)) ina
sunfiower canopy (Horie and Udagawa™).
measurements and solid curves the approximation by Beta distribu-
tion function. @&, the average leaf inclination angle; ¢ the standard
deviation of a; F:, total LAT of the canopy.
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Fig. 3.7. Vertical distribution of leaf area density in rice
(Itoh®®), Soybean (Itoh and Udagawa®®)
and maize (Udagawa et al.?*9) canopies, and
their approximation by Beta distribution
function. Notations are same as in Fig. 3.5.
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Fig. 3.8. Probability density functions of leaf area
distribution with respect to leaf inclination
angle ¥ («) and to the azimuth angle ¥(g) for rice,
soybean and maize canopies, and the approxi-
mation of ¥(a) with Beta distribution function.
Original data were quoted from the same
literatures as in Fig. 3.7. Notations are same
as in Fig. 3.6.
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Fig. 3.9: Schematic representation of rasdiation tranfer
between a plane at leaf area depth of F and
that at the depth of F+-AF in a plant canopy
(Horie and Udagawa™). I4(F), lI:(F) and
41;(F) indicate direct, downward diffuse and
upward diffuse rudiation flux densities on a
horizontal surface at a depth F in the canopy,
respectively. AIq, (AL and 14I; denote in-
tercepted fraction of I4, |I; and 1I;, respecti-
vely. m, denotes the scattering coefficient of
the shortwave radiation by leaves.
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Table 3.1. Values of parameters used for the numerical evaluation of radiation
environment and photosynthesis of leaf canopies in relation to the
canopy structure and solar radiation conditions.

parameter explanation values

a average leaf inclination angle (degree) 20 for H-type canopy
70 for V-type canopy
45 for I-type canopy
45 for U-type canopy
0. standard deviation of & 15° for H, V, T and
{77/4 4/ 3 for U-type canopy
initial slope of photosynthesis-PAR curve (gCO,cal-t) 4.80x 10-°

a another parameter of photosynthesis-PAR curve 2.71 x 10?
(cm? sec cal™!)

ms scattering coeff. to shortwave radiation 0.25*
mg  scattering coeff. to PAR 0.10%*
ass  soil reflectivity to shortwave radiation 0.1

asp  soil reflectivity to PAR 0.05
¢« percentage PAR in direct shortwave radiation 0.47
¢: parcentage PAR in diffuse shortwave radiation 0.55

* estimated from data of Gates (1965)49 and Monteith (1973),®® and ** from data of
Yocum et al. (1964)27® and de Wit (1965)260
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Fig. 3.10. Probability density functions ¥(x) of leaf area distribution with
respect to leaf inclination angle («) of model canopies and the extin-
ction coefficient for direct radiation of each canopy. H, V, I and
U indicate the horizontal, the vertical, the intermediate and the

uniform type leaf canopies, respectively.
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Fig. 3.11. Simulated vertical profiles of respective radiation flux densities in
horizontally leaved canopy (H) and vertically leaved one (V) at 60°
Ia, II; $1; and Is denote the direct, the
downward diffuse, the upward diffuse and the total downward
shortwave radiation fluxes, and |I,, the total downward PAR flux
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Fig. 3.12. Comparison of simulated vertical profiles of
upward diffuse rudiation flux density with
the measurements in a sunflower canopy
(Horie and Udagawa™). Circles denote the
measurements and solid curves, the simula-
tion.
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H, V and I cor-

respond to the respective canopy structures given in Fig. 3.10 (a).
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Fig. 4.1. Schematic representation of MICLAM, a
model for simulating crop microclimate,
photosynthesis and transpiration in relation to
external environmental conditions in steady
states. For further explanations, see the text.
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Fig. 4.2. Relation between LAI and the attenuation
coefficient of mean wind velocity in various
crop canopies. The figure is constructed
from data of 1, Saugier'¥®; 2, Goudriaan and
Waggoner!®; 3, Inoue et al.®¥; 4, Tnoue and
Uchijima®®.
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Fig. 4.3. Schematic representation of numerical solu-
tion procedure used in MICLAM, a model
simulating crop microclimate, transpiration
and photosynthesis in steady-states.
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Table 4.1. Values of parameters used for the simulation of crop microclimate,
photosynthesis and transpiration of rice and sunflower canopies,
together with the parameters given in Tables 2.1 and 3.1.

parameter explanation values
a average leaf inclination angle of canopy 65° (rice)
30° (sunflower)
c proportional constant of leaf drag coeff. to wind speed 1.6*
d characteristic leaf width (cm) 0.9 (rice)
18. 0 (sunflower)
ds characteristic length of soil clod (cm) 5.0
F; total LAI of canopy 4.0
A leaf emissivity for longwave radiation 0.95
Q108 temperature coeff. of soil respiration 2.0
Rizo soil respiration rate at 30 °C (x10~8 gCO, cm~2sec™) 2.0
Ga standard deviation of & {degree) 17°
[P standard deviation of zZ (cm) 22 (rice)
34 (sunflower)
z mean height of leaf area density distribution (cm) 50 (rice)
120 (sunflower)
%4 crop height (cm) 100 (rice)

200 (sunflower)

* calculated from data of Inoue and Uchijima (1979)%

TREINTWBAT AR EMLT, KV a2 —va VO A1IEBRRT IO RE&EAS
A= 2% KER, e~V VBEKBECOWTERLRA W,

4 LIal—aliERBIVER

4.1 KA, BFRRELEEHIRELIVNER, B

4. 480, LAL 534 00 AFRBIEIC o\ T, B EOKEN30°C % L CHANBETY 0 &
o, BENEY (1. 4calcm™2min~?) HFE L 55y (0.6calcm™?min™!) HEHoWTR
DB EADREER L BAEM B ) OXER, BEEEORENMHDY I a -4
VERPREINRN TV, 45K e =Y VBB R2LT, ALY 2 v=> 5 VER
PWRERT VS,

KiE, e=V ) OREADOHMIEREORIKRES Bl CwaERR, EIIE
B LA RHBE AR ENY S 2= s VI DL B o0

4 4R X U4 A LIRS X 51T, PHERE K 3BERE L v LBERCA- L
ATRARRD, XLREBERCAZ O THERBERCERDTS, & OILEERD
A2 % - iz Thom (1971)%2 3y 5= 2 M CHEIR X » THp 2 —v & I
Tuv5 2%, Uchijima and Wright (J964)% A3 + v % »w o BRSOV TCHE LTV 5 B
TR IREE 5 — v LIRRR - T\ Do TERE K, BB R EED K, DL,
HIXo®moe =7 VHEOFPKEL D I 2HBAEVC LR ABRT,
REBELCERDITCONWTD Y I 2 b—Y o« VHERSRZ B L, HEPHEV LS CEH
TEREH LS, BENOFVPEEZELI VT D, wh¥i AHBEOKES kY,



84

100 1
ﬁpl
80 Mg ilp g
T
! Teg=1b ly/min
E 60 Up=10m/s
s RHo=70 %%
! Tao=30°C
e 40 ! h=7
z !
2 3 Ka Ca
K ‘
20
-
ol i e
2460 0408120 2 4
100 W o
ﬂ'p' ! A
MsHp g Ka
80 115
{50= 06 ty/min
Up=1.0 m/s
z % RHg=70%
R Tao =30°C )
’ h =30°
- 40
g
o L
@
T

[o) 2 SRSV N S W N
02460 04 080 2 4 0 0 2 4 6
)

f(2)  UsdlpflsMp  Kq Ta-Tao, T-To E (x107 crilg!
(x1G2c") (catemiZmia!) (x10%mY Gt Cuoren-no R, (x10%G cm’s")

Fig. 4.4. Simulation results on vertical profiles of
meterological elements, and rates of net photo-
synthesis (P,) and transpiration (E) per unit
volume of space in a rice canopy at high (up-
per) and low (bottom) radiation conditions.
fi(z) is leaf area denmsity; |[; and 1I;, the
downward and upward total shortwave radia-
tion flux density; {Ip and 1I,, the downward
and upward PAR fluxes; K, diffusivity; Ca,
CO, concentration; To and Tz, air and leaf
temperatures; eq, water vapour pressure.
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Fig. 4.5. Same as Fig. 4.5, but for a sunflower canopy.
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Fig. 4.6. Simnlated vertical profiles of respective dif-
fusion resistances in a rice canopy. The
simulation was made for the same conditions
asin the upper part of Fig. 4.4. #;/5.3 denote
diffusion resistance of bulk air layer of 5.3 cm
in thickness; 7q, the leaf boundary layer
resistance; #ssun, ¥s,sn and #;, the stomatal
resistances of sunit, shaded leaves and their
weighted average; #a sun, ¥a,sr and ry, the
mesophyll resistances to CO, transfer of the
respective leaves and the weighted average.
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Fig. 4.7. Simulated relation between Bowen’s ratio and
air temperature and radiation conditions for
a rice canopy with LAI=4.0. Environmental
conditions above the canopy are 70% in rela-
tive humidity, 1.0 m sec-1in windi speed and
70° in sun altitude. The air temperature is
denoted with numeral on each curve.
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Fig. 4.8. Simulation results on average canopy temperature (T1), net canopy
photosynthesis (0,) and evapotranspiration (Er) of rice and sunflower
as a function of air temperature above canopy {7,) and shortwave
radiation in tensity (X axis with radiation intensity). Air tempera-
ture is denoted with numeral on each curve, and other conditions the
same as in Fig. 4.7.
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Fig. 4.9. Same as Fig. 4.8, but with X axis with air temperature. Numerals on
the curves denote shortwave radiation intensity {cal cm~2 min-1).
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Fig. 4.10. Simulation results of the effect of relative humidity above canopy on
the average temperature (T1), net photosynthesis (@,) and evapo-
transpiration (Er)of rice and sunflower canopies at different air tem-
perature. The numeral on each curve denotes air temperature (°C)
above the canopy.
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Fig. 4.11. Simulation results on the effect of wind velocity above cunopy on
average leaf temperature (7), net photosynthesis (@,) and evapo-
traspiration (Er) of rice and sunflower canopies at different air
temperatures. The numeral on each curve denotes the air tempera-
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Fig. 4.12. Comparison of simulated transpiration (E) or evapotranspiration
(Er) with that of measurements in a rice field at IRRI by Tomar and
O’toole (1979)%Y. VD, denotes the water vapour pressure deficit
of air above canopy, I, the shortwave radiation intensity and U,
the wind speed.
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Fig. 4.14. Simulated average canopy temperature (7Ty)
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canopies as functions of ‘LAI, total short-
wave radiation intensity (Is)  and water
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BhREF LI, COEFARHCTOREY I 2V~ 3 VILE - T, HEMES
EXAR, REER L OBMOMILKEN BRI IER S 4t L OB S\ TRIFSh
TO¥DO LS EMHLMT IR,

O FYBREROKBCLBEOREN ML, HHALELRERSC L > CTREIhLE
BEAROK=FAF DM, FLTER=31¥ XL LTEET 2 RILERONFICE
FBRERLTWAS,

@ FYBHEONARD B\ Y, HEYER T HE«0ELHELOKELOM
DIFLRED D IR EEORMEE LT EBLI L E, FOBRBRBSTAHERADEK
B ORI r, EEERABOEN 7., KILER 7o B I OCERER re O X T X012, BF
DREEGTRETS LAl 4 0DAfRE e = 7 VEEHCROFOF -~ F~2ib o &
Do o e 1,=21072~1071, 7,101, 7,2 109~10" % LT #y=10"~c0 sec cm™l, Z O X
SIEDCEBERCBAGRL TS 7o BB 7y OFN, PEP=R 1 F —OHiyReyis
FEEBERLTHS 7, 2 7, L0 10 e LI Fnb Bk E v, BERNT 7 2 7y 2%
REL DO FEL LCEOHEERC I 5 BHARRC IS DTH D,

@ FHONER, BB ETKEREL ORI LAEELREL TR EL ER
Bo TibbA b+ VANKBEREOFE Y, BELETTREECSAZIMITELR
RN Z ERRBNT, ZIIIEREEERZOBE L AEBEYBE U THROR M VAR
BT L0 RHKREEAHR T2 L0 b T 5,

@ EHHEIAFOBTE ORELE T CIIEEAOBEE LCERT 5, HERE.
>T2 ) BB VILHENE L TIREIEL HOBEDE G & F I3 BERORIEE LTIER
T3,

B EFALLTHUININBRESLME, BEOBRRE R XUNER, i OBIR
%, ThETRERINTVDIERT - 2B LVFDEFARLISZ Y a b — g YOI
REHBLT, BEDPEERCRIETEELYR UL, BEZYRIOTHS Z i b
Mole EleZ D FAE L T, Tomar and O'toole (19793 o K FEEZE 20 b 0 &
() BoBPE T — 223, 154 DEETHETE B,

6 BEORKEKET CFOBEGHOBELAHCRIARERFELRIZLTVWE5E
ERZBHT, 20 TRERZHED S, —F, BE, BES L THERORE Y ARE
FHBORHCECERTHS Z LHHLNRE -, ILBES X UCREDOLAR
DFBORBAIIEROBMEN L THLR S Z LA BELMIC IR, DD LB
BEGOREER LI X ) Bt T2 Th, BELERLEEELELOBFEID X
SHBETEDZ by sT,
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V kT bevT ) QERER & HERTFR

1L FLsic

Y ORRITIEERIZ L » THRA E Y Z E R AR ED B EEBRTS, X
BERYWBECERIND LEO=ZAF - HELEEBCBEREL WS ENERNCH B
SR D BE B DT TR o T s % 290569,600,1413,148),143,145),149), 1593, 154, 173,176,228 | = 7y - {7
DEBOXEEIE S EEEOFRLFEL /2B 2 &A% McCree 5 (1966)*, Murata &
(1968)1%", Takeda and Yajima (1971)*®, Challa (1976)2® % X ¢* McCree and Silsbury
Q97" I X » TERBHHED b T3, —JifEx HAMERT KW TEaRE
TELECFIEIRTLFRIF RO IFERL, oPRBAFENERATI LD
Bjﬁ 5 i’)%’_?‘g - T [ Z) 23),141),143),175)0

DED X 5 ey ORI, EEREDHENELEBR T 2RA4WECERINRS
LED=FAF-HRCERLTOHBHER R %k (constructive respiration) %%
WA RIER (growth respiration) &, R4k EHERET 5 7o OHERFIER (maintenance
respiration) BT - Tw5 EE 2 SR Tw% (Monsi®, Thornley*®, Penning
de Vries'™),

Z DERWER LFERTFR O LERIIFEHO RO AR L TR X EFELYRIETD
DThHbo ZET—2hbOKM, v~7 ) OLEEHEOTH=FA BT d0HK
BE7 —2 %85 BNT, ThOLAFHOERTER &MEFRTREERICE - THE L,

2. ERPGEERTROEEDOEAR

e B IRTR & HEEIP R 2 HEE -+ % HEkici, McCree (197001 3s X 0"McCree and
Silsbury (1978)#% @ CO, W¥i X 55k &, Hesketh & (1971)% IRk & EHE O
RERE RGR) mHRDZFERDD, 2D EHLOTES % OHEOEARIZMonsi
(1960, 1968) 13%2:15% %5 I ¥f Thornley (1970)%*" o BRI VTSR b2 ¥0 X5 L.
TELZ EMNRTES,

WE BB EERRE 4 BT A EYOLTFRE AR NERSR 4R, LiERWYR AR, L
b, PEDISRPENT - TCWBEDET D,

AR=4R,+ 4R, GR))
T2 LR <C CH,O o BETEbL T30 ET5, ¥ 4t o yEng s
AW L35k, TOBBCEEINCEEREYORE 4C 12,
AC=AW +4R,+ 4R, 5.2

TELEDL, —F, XEREDDSIEWEOEBE R T 2WE~DERYEY K L3
5L, KigoEDRTELTZ ENTES,

AW |
K="1w+ir, G2

Z @ K 11 transformation facfor (Monsi®®®) L s economic ratio (Midorikawa!4®) # %.
\+1% production value (Penning de Vries'™) L HUIHCTWB LD THD, IBiT, HEfr
R, BEBHFEHED ) OMRERY S » THEFTREM L L, BEEgpEL W &
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T EHRTERE AR, 3o ¥ DRI L - THEKbE D,

AR, =MWt G. D
GD~GD X AW L AR, #EFzTH &,
AR=4R,+4R,= (1—K)AC+KMW4t (5.5)

DEIND, A HE R ORNEREEE 4C 13, RPEFOE (gross) DOWAREEDF
BE%R P, L FThuE, dC=Pydt Lith, = OBREH T (5.5) & 4t TE ., THEE
TEbT L, O¥OBRIABLNS,

R=R,+R,=(1-K)P,-+KMW (5. 58)
G.5) BBk 5.52) Rick - T, REREFROFET — 2056 K & Mu L
% FiEH McCree (1970)™% % X ¢f McCree and Silsbury (1978)1 0 FETH %,
=7, G.D~G.HRED 4C L AR, % KT H Lo FOBEFEIESR D,

AR:AR0+AR,,L=1—;{£AW+ MWt 5.6
Z T,
1-K _
1K g, G
LE¥E, b (5.6) Ax 4t TH, THEETELT L,
R=G,%+MW (5. 62)

E78%0 22T G RAERTRE (BRI Thhbo (6.6a) REILHEAEEYE W o
B &, DEORERIEBLND,

F=r=61Wu 5.8
22T RO B, EMEMHESL ) ONRIEET LT AW/ WD 12 fEp oMt
BE RCR) wftiebisv, 6.8) REAWT, (FHOTR EMHRERKORET — 20
5 M & G, %R % 0h Hesketh & (197D 0FETH B,

McCree DIFEEDEEEC OV COTFHRIL ERIPR & HEHTFERE S &5 DRHE
LI HETH %o —Ji Hesketh & oJiERFH OB E GO £RTFR & HERFR A HET
BZOEHELT52, RGR OERERRIED R et dEEIL McCree BB v 45 &
Exbhbo AERTE, FPhONIVRTFROV-TiE McCree 0X#ET, £ LTfE
WHEHRE S CEEEOFRAEN B e <7 Yo\ Tk Hesketh & 0 77 1z
IoT ZhER MEK D LIXG HE L,

3. #ME&IUVHE

3.1 REMH
a. kTR 1978FELR2RAALBED 4 ARDPF TALREENTEy MRIEL L © &,
197905 Anb 7 AT TRy MEE L 02 ARV, WIh okl
LERSEE TEARE] €, BEESICATIEENOR - BEZ L CAELHRE]
BTHHIh L EARTH» o ATKEE CHE LML 20, B CHEE
Lk Bmas 328, 2rihflEceti L,
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b. =7V 9728 By ROBECRE Ltr v 7HOe <V ) REIECH VT2, 6
A24HRIEFHRCERE LEFRICHT AT IRILE Lic, FFIEBROBE F E 2 1m?
Bl 0T T2EETH - o, HIRTH500kg/10a OHEIEE N, P05 3 & UK,0 £ 7kg/10a
THoTo

3.2 RMEFH#E
a. ki

KIGEEOEER EEROHEFALKEIEBO /PR /e A% 4 €% » F REREO0.6X
0.6m2) WTH/mole COFR—RAF 4 EFy MILHER IR - BEXHHET2 &
AL ESBERNOREE LT XD /EDR TV, ThbbAMEFRERy FIE
Fe Xy PREHAL, BRELBRAD, Hoo CO, BEENDL, KiEHEED CO,
W, BHESHETES L5k T, BRAEIRr —& 2 — 2 HfEFF TR E
L, CO; £z D CO, 4#7i (Beckman, 3158]) 12 & » THIE L,

¥ER, WHEEEOWERIATELAE» PEF %y PREAL, 1~2HHMATES
HOBBRL LERTHD, AMECASL L5 L, BRRE325°C, HABETYS %
LTCHEIBHEOLHBTC, BHOXBELE 2L &0, BHONEER & KHEOHETE
ENEHRAE SR, Tiobb %8 - ChRERABMIS (PAR) BEZBREHCELT
7%, BBREXERONHESTEE CETERLBERBO PAR BEY HSffcd L L
T, EED%A&E&fE@¥&E&@%%%§&®tO%Amkﬁﬁmmﬁ%Té,ﬁ
BB OZETRE L EWEREE Lic,

PLED X 5 AR EFROBPER, BRSO LIS A MoK OWTE 2 E
TR o720 BIELZEDOARBCOVLTOEED 5 b 1Bk, BEREBISCOLETC
ﬁﬁ:oﬁ:o
b. BT

W1ENEET, SIZED3 1HcHELLETBCY - T, e~7 ) EEH»510EED
Bzl LCEHEOEE L W AETlabhi, B - AEREEKIZR, ERI0E
W, X LCARBERNG, ERBEONERCER L THENOEYELZHE L, &
DE>ELTELRIMET -2 wAREMEYHEA LT, £8FoHENEREER RGR)
RERRCRD BRI,

EWEOPERT, FBREO—HIX L 1R A TREECHALT, ToREEELE
AR HBEESHETCRE L, COBETRIIA—BER OV T3IRE LCHEL,
ZOVHEERD - TERFHOEBREONRRERE L Lic, DERRUCEEIZe =V Y Off
ERHEYT 5 9 A21E ¥ TR bhi,

4. ERMREEZTROEEHER

4.1 Xig
%Amﬁ%m%(HRDﬁF%E%EOTW%MLﬁmé%L&%@,ﬁm%HO%@
KAED B DI AER & WH O IGEE DR LORERRO—FAIR S 1 HRT L5 T
Bolco BADEELBET TR o AMESHATRED /' r -2 % 5 €32y PEHA
L BRI BB RRIIERCE T, COKMBEATSEE N O 5B PAREE
(B T0.23calem?mint) Tr—HEL L KEOPRITESL LB Li, HF o
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Fig. 5.1. Rates of day-time net photosynthesis and
night-time respiration of rice plants at maxi-
mum tiller number stage, exposed to a cycle
of decreasing levels of PAR on 3 consecutive
days, at a-constant air temperature of 25 °C,
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Fig. 5.2. Rates of day-time net photosynthesis and
night-time respiratuion of rice plants at boot
stage, exposed to a cycle of decreasing and

_increasing levels of PAR on 5 consecutive
days, at different constant air temperatures
of 25 °C (upper) and 15 °C (bottom).
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Fig. 5.3. Relation between integrated day-time net photosynthesis (Pgqy)
and night-time respiration Rusyn. for rice plants of Figs. 5.1 and 5.2.

PAR BEX IO HELTHERLETEIRS L, REOERIKECHITE2 LRn
bivic,

51K WT 81 HHOFRIF % THRABREEILE23, L_;J’LbiﬁuTik&Bhf AN
BEREERZDZAE TR TWebDEELLRD,

5.2 Kliciy, FEXD R MOKFECOWTO HOXAER & ®IE QR OEIE Lo BIE
FERD, &iR25°C £15°C OB FOWTRER TV 3, AR EHWTH B PAR 3
DR PO EELF N E, BHOPREEL R Lo T3, KEIFC 0
A1i325°C DB E - OBRITEE TRy » T,

PlED X5 WHOMPEIIEROKXAER L BECERLTEY, HROLESRIE
BERBORBRAE LD LBEDbhI, ZOREILE S OrEfcIWTELATL
6 :@H%%%MS),MG),IGD,ZIS) & _.ﬁ LvC U %) o

5. 1K &5 2 DNatr i, FROFET — 2205, HHORAROBHEME & REOME D
BHEME L OBRE, TNTCOHUEY —ARDWTHRIEZ S, SINMEFT IO R
BEbhic, R DHLAL SR, KEEGAOHFOZMIO SR EEO R EE
Pooy L BEOMFRDOERNE Rusgne DEI, TRTCOAUBHERE LD, 9F0 X 5 hEEE
BROFEIET D Z Eddbh o T,

Rygne=aP g+ bW GRY))
72721, @ik Ruygne—Paoy BIREBROZ 5/, #LT b1% Poy NERDEED Rygne %
MOBHFRWE W CHloLfETHDo KAWL FREL CHO ¥t Ui & &K
D (.9 AD a, bOfER, FTRCOHEYF — RRDWT, 5 IBRIA TS,

B a, b OfEL D, KHISTC O L EDFH25°C DHAL VHELIRII B &R
AZbhic, —7, KB C 0L ED a D, HEHTFoH (Casel, 2) LFITHRH
(Case 3) & TREMERITZONIGA, b OFEIZFEES BB OFNLESNI e Do &
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Table 5.1. Values of parameters ¢ and b of Eq. (5.9), and estimated transformation
factor (K), growth respiration factor (G,) and maintenance respiration rate
(M) of rice plants, at different growth stages and at 25 °C and 15 °C in air

temperature.
a b K M
gCH,0/g d.w./day gd.w./g CH,O gCHzO/g d.w. gCH,0O/g d.w./day
case 1 (25 °C) 0.13 0.029 0.77 0.30 0.016
<) av,

case 2 (25 °C) 0.11 0.019 0.80 O 77 0.25 0. 30 0.011 0 012
case 3 (25 °C) 0.14 - 0.014 0.75 0.33 0. 0082
case 4 (15 °C) 0. 068 0.082 0.87 0.15 0. 0042

Case 1 and 2 correspond to maximuin tiller number stage, and case 3 and 4 to boot
stage, respectively.

Babhic,

5 1IREFRENT 3 6, b nffik G.5) XUV GO R X T, FILESD SR EE

BEBRT2YBE~OGERDER K LHEFTIRR M Bo¥D L5 LThRDLN, T

e, G.5) RO M1 71 ORI 1 AR LD, REOBTERILE BT FE

EflebhTw233d0&T5E, BRIIZKETHED Z L0b, (5.5 R 4R & ACi3,
AR=2R i35, AC=Paoy+ Ryigns

EFELTZENTED, R LBRY (5 NDRELICGHORCRATEE, oF

DERFRRELR D, v

K=(1-o/(1+a (5.10)

M=2b/(1-a) (5. 1D

5. 1R REA TS a, b Dffis, 5.10) XV (5.1 HHWTHE LIaATEOXS
BRI D IFDEABR LB T2 WE~DERE K TR M OfFEix5. 1% ©Rid
L5 Thol ¥RAERIE G.7D XD K & G, D BiEY TR S ERRE
G, DESRIN TV B,

KEREDOEHRLER K 12RR25°C 0 E0. 752 50. 00HE AL, FOFHME
0. TTEHEI NI, 2Dz 21218 © CHO 7 50. 778 DARBEBITHR I h, F0
£ %0.23g © CH,0 BB ERO=FNF - LTHEBINDZ L EERL T, -
D K=0.77 REETRER G, wEE 1L T0.300EY% T3, —F, #HETRE M oEILg,
825°C D&HTF 0. 00822+ 50.016 (g CH:O/g dry weight/day) &, HIEr — A1t X -
Tt D REREBRABNRIR, TRALEFEHLT, BESTolH LTS e,
FTo M ofE0.012 (gg tday™) L#EE S I, &E25C 0k 27T, 15C 0
BERIL K OENKES LD ELT M/ iabhics, ZhieonTix
BTEET S,

Bremahic K 55012 G T LT M OfE, BTHtehxi,y Mﬁmkﬁa@ﬁm
DWTDREREFBOPET — &2 X W WEINILDTH B, FORDdIE, LR, |
BORET — 2, FOBRORELTLERENOTFROFELEETL T VBT LNE
Abhb, £ CHEA2DRELET CABOBEEEORERARE L 45, H L3 %Al
Bo THTEHOACDWTRABAREROBEL TR T, HMTROLORHE DO E X
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Fig. 5.4. Respiration rate of whole rice plants and that
of under ground part as affected by air tem-
perature. W is total dry weight of rice plants
and Wg the roots dry weight.

Lo TORRBE PRI T B,

TE L O REC 5D 2 THOREREDES L, TRTCOBELHETLH1I~14
BRETH-T, ZhHRARMOSHHECHD LM THROEWEDLEDHA0% X b/
Dol COTENPDHMTHOERIITSTRIRIZHDLEELZ T, FOZ LT
K2 MoOEEBC 5 3hbBEIERTEIRERNIVWEEL bR S,

e, AR IR TV RN D, KREEOEEEE & KIEOBFRIE,

R=Ry5Qy a2/ (.12
TRLEDZ EPbholz, COL XORERE Quiz&KE (T 2110~35°Co%iFic &
WTL78TH - o

1.2 =Y :

=7 VEFBROBEMIHERES ) 0LEYE L ABRETOEYEOEEDHEEREMN
5.MILRENTV5, COERDHET —F I DWTHEERBIT G- TRDL-E BT
OEFERE RGR) oFEH B & $7% 5 25 6T T &5 Thot,

AFHO RGR 3E4HEL $0.28g  day ! FIBOBVELR T, Fhit4eFe L
HIBHMETLE (6.6,

v~ 7 VEGFOLT WY (GBE%36H B) BTEAE (F60H B) R XOWE+HH (A
82HE) CRESNABEORMEYED = h OVFREE R & BEESERE OBHE
5. TRZRT X 5 Thoto

5. TRDBERIBWTHOBE LS R 134T L EQRETTSH, 256 NiRs
NIZEEDO RGR 0 BAERE ISHE LT W3 Edvbh ot FREELYBYE
B LcB s, EFOHAOENRLEL, BT (EReET) Nohieo¥, #
BDILER LOERORRIZIFEE N2 & bh i,

b=V Y OAFEDREMEHNED - ) OPIREE R OKBIC X 5% L%, £iE25°C o
LELBIHEHBED R 210 E - TEBRTILTS E, 5.8KRRT LS55, M b
Woicd 5, FREECBERFECIBEM CHELZRRITD LT, EBEL
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Fig. 5.5. Growth curves in the dry weight of each organ
and whole crop of a sunflower stand grown in
1972 (Horie™).
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Fig. 5.6. Changes with time in RGR of leaves, stems
and petioles, roots, and reproductive organs
of sunflower stand of Fig. 5.5 (Horie™).
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Fig. 5.7." Time changes in dark respiration rate of each
sunflower organ during the growth of ‘the
crop (Horie™). The respiration rates were
measured at 30 °C in air temperature.
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. Relation between the respiration rate and
air temperature for each sunflower organ
(Horie™). The respiration rates are given
as telative values to those at 30 °C.
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BAfRIE, 10°C B O RIRA KRR D % \1335°C H Lo SRR CERBGN S A4 5 HEE
NELRBH, ThbHEEBEOBREREZR AVEERBEL I T, (5.12) RARITE &8
ol 5. 8HDBEFRND, vV VORBEORREE OBEEFREITI5~30°C © &iF
EHEWTL8EHEE I,
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LHEERIER MY (5.8) R L - TO¥D L R LTHE I Tiby, G.RIC
R’ L RGR ol ExRATS &, REFELT G, & M PED, LihisTI20R
5o e BRIC R 5 R & RGR oJlEEE e LT (5.8) ARRALTHELRST
DORFPBYIRTHTEG, L MBRRDBLN5, 5. IR ENCEREREILIe <Y )
OAETEEBD, YBEAEW, BEATR XOBER SEHESh TV, 205
HOXEEETH EBEBRHOEEED R Lxhc LicBr HERY v, REARH
DFBWI G, & M BBk, ¥ AR EBEPPO R Lxfic LTAEER
B G, & MERD1, 2084, $REEOHE MTebhic By Gl o THE
X7 RGR ofint R L L e, G, & M ofECHER I, ¥ R x+~T CH0
CIRE UTCEHERER L, b G.8) RIRA SRS R 1z BBk s RGR | E
RO EHRBERIET 2D THILERS S, 20D 5. 7TRREh, EHERE
BBt s48E0 R oflEs -+ RGR BlEliMb oS0 FHIELE VT,
(5.12) Ric X » CTHBLEEFTTO R OEEXH#ELT, HERFER L.

DDz EnbBEEME X 5ic, RGR LR OREMES S G, L Mz #ET 5 Hesketh
5 (197D% o FH BT, AfcAvbhie CO, W bEET LI HEL v i VT
ETHDHZ LIXEFEETER

5251, MEOFHERL I ~THELLL=7 ) DEBER IUCEALEETOWT O &
BRER G, LSRR E M oER, ¥BREENEERERPCOWTRERT VD, ¥
REZE 6.7 R L - T G HHBE L, XAREYOERE KOED £45E 5
RIN T 5B,

5.0RDFERY D, ZBREELLMEG, 551 K offix AT » T RKELE
e e Eaibinbe BROWTD K110 6FiBOETH - T, SHTELXRL Mo
B0 T2BOMETHHC L L HEET S L, MOMRER I DPIVC bbbt B
O MpHoOBREX pHfERkEL, —HERIOERDO M B3I EFEC/PhIn ERRDL
Nico YEDX 5, TRIVELAZDORED S D=3A¥— (CHO) & BE &
FH5DOBIESTF, BRI EEYHEET IO IRLSBEO= I A F -2 BELT L
BETHHTZ b oTz,

Table 5.2. Estimated values of maintenance respiration rate (M), growth respiration factor
(G,) and transformation factor (K) of each sunflower organ (Horie™).

time organ M Gy K
(days from sowing) (gCH,O/gd.w./day) (gCH,O/gd.w.) (gd.w.[gCH,0)
36-66 leaves 0.048 0.67 0. 60
(vegetative stage)  stems 0. 0077 0. 36 0.74
roots 0.010 0.39 0.72
whole plant 0.014 0.60 0.63
66-90 leaves 0.051 0.75 0.57
(reproductive stage) stems 0. 0074 0.39 0.72
roots 0.011 0.44 0.69
reproductives 0.023 0.41 0.71

whole plant 0.017 0.53 0.65
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Fig. 6.1. Growth curres in total crop dry weight (A)
and leaf area index {B) of respective sunflower
stands (Horie™). 1971-D is the dense stand
in 1971; 1971 -S, the sparse stand ;1971 -SS,
the shaded sparse in 1971; 1972, the stand
in 1972.
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Partitioning Ratio of Gross Photosynthates
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DVS, Plant Developmental Stage

Fig. 6.2. Relation between the partitioning ratios of
gross photosynthates and plant develop-
mental stage for dense (D), sparse (S) and
periodically shaded sparse (SS) sunflower
stands grown in 1971 and the stand in 1972
(Horie™).

6. 1B T, EXLELXTh-Te<v ) EABECREYECERII AT LMER
hB0oERL, EERECERIENEZERESRFEINRLWC EBHELRS, Tihb
HHHOETE UCERRRENEOARCHENCRIG LTV B L& bRz, &
D LE—BRRCTSENT, 2EYBECTHERCEEGTHHEREL (LWR, leaf
weight ratio) L, HZEELHT b OEFEREE LTEHIN S LERRE SPLA, specific
leaf area) % E/c-BRELLETOREIR e Y VERECOWTRDIZLED S,
6. 3XRT X5 THoToo

LWR & SPLA o &b AR L LIS TE C b oo LWR BRESLMF
BEAEBEINT T ERLLRBN, ZhitTorlk~<bht, FMLEH DS EREN
REFHFCREAEEESRI W EE—FH LT %, —7, HIERE SPLA) R4
k¥ BESh, HELL VB LD LTHASEYEC T L, ThnkEdik
HZ Ebhols,

CNETRBEINTCVAEYOEED Y I o V=0 s VETADR AL TRTRE
LTI 1090,24900,2600, HEIREENAEIT Y 2 L — 2 g VIC X o TRD S RTIES I SPLA%
FLTRDLR TS, LL6.3RICHbID X 51 SPLARABRISEES I X



WL R REEEDOLEH, HRECE LCERIET S v A7 & £RBENHR 117

0.8

061

{g/A)

LWR
o
i

—e— 1971-D

SPLA (X102m¥g)
N
T

-—o-— 19715
coee@emee 1971-5S
0 Ly 1 1 L | 1 L 1
0 20 40 60 80

Days From Sowing

Fig. 6.3. Time changes in leaf weight ratio (LWR) and
specific leaf area (SPLA) of dense (D), sparse
(S) and periodically shaded sparse (SS)
sunflower stands (Horie™). The shading
periods at SS are denoted with horizontal
lines in the figure.
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Fig. 6.4. Flow diagram of SUNGRS, a model for

simulating sunflower erep growth in relation
to weather conditions.
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. Relation between reserve carbohydrates
level of leaves (RSVLL) and RSFRVL, a
factor giving the effect of RSVLL on leaf
tissue growth rate. This functional relation-
ship was constructed from the data of Moldau
and Karolin (1977).1%%
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DIFRFP=1.0/DELT * PULSFI
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LRICE L BELB S OB GRES KD DR B, Tihbb 36D <7 VEEDED
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ERW, 20X 3 LTHEL BB ALFBAR ¥ SDALF % F\C, Tl e~ —
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LExofER1rcE - T, E&kTik LT2EDLS W:g‘/‘%_ biic,

EFWIND=AFGEN (WTLTB, UO)

FUNCTION WTLTB=(0.,3.0), ---(1000.,0.0)
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2V rr=AL I g VRS, Yialb—va VIR TP VDORERFT AT - ¥
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128
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Fig. 6.6. Simulation results on diurnal courses of gross canopy photosynthetic
rate (CPHOTR), reserve carbohydrate level of crop (RSLPLT) and
crop dry weight (TDWPLT) for sparse (S) sunflower stand grown in
1971, together with total shortwave radiation flux intensity
(TOSRIO) and air temperature (T4 O) conditions.
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4.2 L :alb=LaliEREEMEDES

1971 0EX CX) oe~ 7 VEGFHCOWTO B LMER »ich OLEYE
TDWPLT LEmMBERH LAl OERD Y I o v—v g VIR L ERED L 6. TR
RENT VB, v alb—vg viERBIZ TDWPLT ¢} LAIOAER 2BEZ 2w + L
TebDTHDo

6. 7RO 1 ZARIXOEIENLAEDOE 2HChbics TR, GR L e~V
YOAE - LRRIZBETAFE T A —ZDEXHAVTDY I ab—2 g VERTHD, 20D
BEilt, TDWPLT L LAIiz by 3 a v —v 3 v ERNEIELZHES 12 F %
boTwd, TORAE LTHRAROBAFE B 2\ IXFEROBATEM DT honis 2
5%2\70

T THREAROBEREN SHE LTHRD LR cBEOR—ERRH (3.228) o=
DDAT A= a b bronT, BEREENIREFAK a ®10%HS L, b ®10%5
DTHEPEOEED Y I a V=Y g VETR T, TOEENGCTROMBE 2 L LTRE
hTwd, 28K, FEVERLEVT, EBMCKDI e~ 7 ) OREGREN» LEAREY



BIL B S8 EEYONER, BET L TABRBET S v A7 s L RBENTIR 129

BT 5B ~0kM=R PV %, Penning de Vries (1972)" o #Hy g EICE
LD RIS EDTEEDY I ab—v g VIERIPHMBITHD, vialb—¥a
VIEE 2 L 3 LTI, BEKSHH I ADEYEINITIFE LB, EEWM LM
K#Hf@%ﬁ&%%ka@ﬁﬂW&%ﬁthlD%YDWHH§LAI&%Ki%
S, POEAEL VL ARE L EN b ot DT Enb v i o v —v g VEHER
EEERYETFT T b nERL, E& LTLEREDD, LIEMGEEB~OERLE PV
BASMEI R Tt ST R iz, TrbbARERRICE W TEYPEOAR L FROH
EF—-2 X VEELTELRI e~ 7 ) OEBRED PV Offik vd, Penning de Vries
97D e = 7 Y DIEMEOLER S T S L ERMCHEE LB PV 0 EDJ
M, BEOe~T7IOEBCBL LTIV FYULLDOTHS Ez bRl

PV oD EO X5 CEE LERE, e~V VO s BBEI0HESS %
T, EEOY 2 V= g VERENSRICERMBE L 3E—FKT 52, T
BEvialv—vg VETENEE D TEDLDLI E23AbRT,

PV =\ Tix Penning de Vries DfEx AT, BIEER, [KBL L TREEHFOR

5
1971-§
- ‘ -4
—o— Measurement
- Simulation 1
1.5 === -3
" — &
& =
DS 3 o
[=)] 2 E
=
- 1 — 1
o <t
o -
,g
- 0
[s)
o 0.5
Q
- L
—
o
=
[a)
[l O 1
0

Days from Sowing

Fig. 6.7. Comparison of simulated and observed growth curves in crop dry
weight and LAT {or sparse (S) sunflower stand in 1971. The curve 1
is the simulation result with a set of standard parameters given in
the forgioing sections, the curve 2 is the relult with small modification
for leaf photosynthetic parameters, and the curve 3 the result with
replacing the production value (PV) of each organ with Penning de
Vries’ (1972) data.
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1607 GROWTH .SIMULATION .OF .SUNFLOWER ... (1971-DENSE)
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Fig. 6.8. Comparison of simulation and measurement in the growth curves of
each organ and whole crop for demse sunflower stand in 1971.
DAYSRI denote daily shortwave radiation intensity and AVTAO
mean air temperature.
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Fig. 6.9. Same as Fig. 6. 8, but for periodically shaded sparse sunflower stand
(8S) in 1971.
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Fig. 6.10. Same as Fig. 6.8, but for sunflower stand grown in 1972. Outputs
were made with smaller time interval than those in Figs. 6.8 and 6.9.
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Fig. 6.11.  Simulation results on time changes in the integrated values of gross
canopy photosynthesis (GSPPLT), maintenance respiration
(TMRPLT), growth respiration (I'GRPLT) ,defoliation (IDEFL)
and dry weight of whole crop, for sunflower stand grown in 1972.
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Fig. 6.12. Effect of 109, change of each parameter and weather data on the
simulated crop dry weight at 40th, 60th and 80th day from the
sowing, for sparse sunflower stand in 1971. B denotes the initial
inclination angle of rectangular photosynthesis-light curve ; 4G
anoter parameter of the photosynthesis-light curve; SMR25 the
maintenance respiration rate at 25 °C; PV the production value of
plant tissue; Q10R the temperature coefficient of respiration;
MRGR25 the maximun RGR of each organ at 25°C; SPLA the
specific leaf area; PATRL the partitioning ratio of gross photosyn-
thate to leaves; ALFBAR the mean inclination angle of leaves;
TAMX the daily maximum air temperature; TAMN the daily
minimum air temperature; DA YSRI the daily shortwave radiation
flux intensity.
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System Ecological Studies on Crop-Weather Relationships
in Photosynthesis, Transpiration and Growth

Taxesai Horie

Summary

The main objective of this study is to develop a model to explain and/or predict
the dynamics in weather and crop growth relationships, on the basis of crop
physiological, ecological and physical processes. For this purpose, measurements,
modellings and simulations were made of photosynthesis and transpiration at
both the levels of single leaf and community for rice, sunflower andfor cucumber
plants. The measurements and parametrizations were also made of growth and
maintenance respirations, partitioning of the photosynthates, specific leaf area and
the developmental processes of sunflower and/or rice crops. On the basis of these
studies and informations from the relevant literatures, a comprehensive dynamic
model was developed for the simulation of the sunflower crop growth from weather
conditions. The simulated crop growth was compared with the measurements
and discussed.

This paper consists, of six chapters and a general discussion. The outline and
the main results at each chapter may be summarized as follows.

Chapter I. Photosynthesis, transpiration and gaseous diffusion resistances of single
leaves as affected by meteorological environments—experiments on rice,
sunflower and cucumber leaves—

At first the influence of leaf age on the photosynthetic capability wasinvestigated
by a leaf chamber method for rice and cucumber plants grown in isolated pots and
in communities conditions, and the results are given in Figs. 1.2 to 1.7. The leaf
photosynthetic capability changed markedly with the age, and the pattern of its
change was strongly affected by the environments under which the leaf had grown.
The duration of the maximum photosynthetic capability of sunflower leaves grown
in the community conditions was less than one-half of that of the leaves of the isolated
potted plants, so that the capability of the leaves at the bottom canopy layer was
very low. These aspects were compared with the simulation results on the vertical
profiles of the photosynthetic intensity in the sunflower and rice canopies (Figs. 4.4
and 4.5), in which the leaf photosynthetic capability was assumed to be equal for alt
the leaves within the canopies. From this comparison it was concluded that a
shortage of the radiation energy, due to the mutual shading of the leaves, is the
main reason for the acceleration of the leaf senescense under community conditions.
Hence it was considered that the drastic reduction in the photosynthetic capability
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of the lower leaves in the canopy is the results of their actual photosynthetic activities,
but not a cause for restricting the actual canopy photosynthesis. The total canopy
photosynthesis is mainly dependent on the activities of the leaves at the upper
and the middle layers in the canopy, which are at photosynthetically most active
stage during the leaf developments. Under this hypothesis, the measurements
and analyses of leaf photosynthetic and transpiratory activities, which are explained
below, were made on the leaves at photosynthetically most active stages.

The effect of wind on leaf boundary layer diffusion resistance (v,) to water vapour
transfer was measured for model rice, sunflower and cucumber leaves in a wind
tunnel of a laminar flow (Figs. 1.8 and 1.9). The relation between 7, and the wind
speed (#) was found to be given by the following equation for all the leaves.

ro=ky (d/u)'/?,
where d is the characteristic leaf width. The values of the proportional constant %,
for the 3 crop leaves are given in Table 1.1.

The results of the measurements of compensation CO, concentration (I') of
the photosynthesis are shown in Fig. 1.11, as a function of the leaf temperature (7,).
The relation was approximated by the equation,

r =1"30Q100(TL —30)/10,
where Iy, is the value of I at T;,=30 °C and Q,,, the temperature coefficient. Q4
was approximately same for rice, sunflower and cucumber leaves and about 1.65.

The rates of net photosynthesis (P,) and transpiration (E) of single leaf were

expressed respectively by the following equations:

— Cv (es (TL) - ea) — Ca - F
E=050iry — ™ B=gmi T

in which C, is a conversion factor from water vapour pressure (mb) to the absolute

humidity (g cm=3); ¢,(T;) and ¢, are the water vapour pressures at the leaf intercellular
spaces and in air (mb); 7, and 7, the boundary layer and the stomatal diffusion resist-
ances to water vapour transfer (sec cm—1}; 7,, and 7,, the same resistances as above
but to CO, transfer; 7, the apparent mesophyll resistance (sec cm™1); C, the CO,
concentration of the air (g cm—3), respectively.

The values of 7, and 7, were calculated from the data of the simultaneous
measurements of photosynthesis and transpiration of the leaves under different
radiation, temperature and humidity conditions. The results are presented in Figs.
1.12 to 1.21. The PAR (I,) dependence of the stomatal resistance (7;), shown in
Fig. 1.16, was approximated by,

7s=Fs min+ (#s,max—s.min) €XP (— Bplp)
where #, i, and 7, ... are the minimum and the maximum 7, at a high PAR level
and in the dark, respectively, and 8, a parameter. The experimentally estimated
values of these parameters are given in Table 1.2 for the 3 crop leaves. The de-
pendence of the mesophyll resistance (r,) on PAR intensity was found to be given
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by the following equation (Fig. 1.17),
N 3
Yu= T,-T,. + Vo

in which I, is the compensation PAR intensity of photosynthesis, 7,, the minimum
of 74 at a saturating radiation level and ¢ a prameter. The values of these parame-
ters are also given in Table 1.2.

At leaf-air vapour pressure deficit (VD) above about 15 mb, 7, of all the crop
leaves increased proportionally with VD, so that both net photosynthesis (P,) and
transpiration (E) suppressed at higher VD levels (Fig. 1.19). While 7, was hardly
affected by VD.

With the increase in the leaf temperature (7,), 7, of sunflower and cucumber
leaves decreased linearly, but that of the rice appeared to be unaffected by 7'.. 7,
of all the crop leaves decreased with T, according to the following equation,

ru=rux{1+cexp(—k£TL)}
where 7y .5 is the asymptotic value of 7, at a high level of T,, and ¢ and %, the
parameters. The values of these parameters, experimentally estimated, are shown
in Table 1.3 for rice, sunflower and cucumber leaves.

The photosynthetic capabilities of the 3 crop leaves were in the order of sun-
flower, rice and cucumber. The lower photosynthetic capability of the cucumber
leaves was appeared to be attributable to the larger value of 7,, whereas the higher
capability of the sunflower leaves, to the smaller values both in 7, and 7.

Chapter II. Model simulation of leaf temperature, transpiration and net photo-
synthesis of single leaves under various environments

The relation between the resistances of #,, 7, and 7, and meterological elements
elucidated in the previous chapter, were incorporated intoleaf energy balance equations
and leaf-air CO, transfer equation. The simultaneous equations, thus derived, were
solved by Newton-Raphson method to give leaf temperature (1), and the rates of
net photosynthesis (P,) and transpiration (E) of rice and cucumber leaves under
various meteorological environments. The values of the parameters, used for the
simulation, are given in Table 2.1, and the simulation results in Figs. 2.1 to 2.4. The
main simulation results may be summarized as follows.

First, with the increase in the shortwave radiation intensity (/) up to about
0.5 cal cm~2min~1, E increased very sharply due to the opening of the stomata,
resulting in T, decrease or only a slight increase, and above this I level E and T,
both escaped from the stomatal regulations and increased proportionally to I,. The
leaf-air temperature difference (7',~T,) was larger the lower the T,. Second, three
types of curves were derived in photosynthesis (P,)-radiation (I,) relation, depending
on the environmental conditions; a non-saturation type curve at lower T, a saturation
type curve at near optimal T, and an optimal type curve at supra-optimal T, with
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low humidity. These differences in P,—I curve were attributable to I, effect on T,
which in turn reflected on 7, and 7y in different ways. Third, as a result of the
response of 7, to the leaf-air vapour pressure difference, P, and E at lower humidity
were suppressed considerably, resulting in 7', increase. Fourth, with increasing the
wind speed (#), P, and E at optimal or above optimal T, increased, whereas those
at sub-optimal T, decreased. These contracting effect of # on P, and E appeared
through its different effect on 7, and T7.

The simulation results were compared with measured data on rice and cucumber
leaves by a leaf chamber method (Figs. 2.5 to 2.8) and with data by other workers.
Except for T, at higher I, and T,, the model well explained the observed responses
in P,, E and T, to the environments.

Chapter III. Solar radiation conditions, geometrical structure of crops and the canopy
photosynthesis

Diffused radiation, PAR and total shortwave radiation were observed during
the summer in 1971 at Tokyo. The percentage of the diffuse radiation in the total
shortwave radiation decreased curvilinearly with increasing daily sum of the total
shortwave radiation (Fig. 3.1), and the relation was presented by,

iy 1,0-2.0%10"7, g0y~ 2. 0x 10712 .,

$,day
where I, 4., and.I, 4., are daily sums of the diffuse and the total shortwave radiation
(cal cm~2 day1). PAR was nearly proportional to I, 4,, (Fig. 3.2) and the propor-
tional constant was 0.47. It was found that the fraction of PAR in total
shortwave radiation is higher, the higher the percentage diffuse radiation (Figs. 3.3
and 3.4).

Vertical distribution of leaf area density and leaf angular distribution in a sun-
flower canopy were measured at the different growth stages (Figs. 3.5 and 3.6). The
leaf area distributions with respect to the azimuth angle were fairly uniform. The
vertical distribution of leaf area density and the distribution of the leaf inclination
angle, both were found to be given by Beta distribution functions (Egs. 3.6 and 3.10),
determined from the two parameters of the average and the standard deviation of
the distributions.

Values of these parameters measured at different growth stages of the sunflower
canopy were given in Figs. 3.5 and 8.6. It was ascertained that the Beta distribution
functions are also applicable to rice, soybean and maize canopies measured by other
workers (Figs. 3.7 and 3.8).

Equations were proposed to evaluate the vertical profiles of direct and diffuse
shortwave radiation and PAR flux densities in crop canopy in relation to the canopy
structure, the optical properties of leaves, LAI and solar radiation conditions (Fig.
3.9 and Eqgs. 3.12 to 3.20). The simulated radiation environments are shown in
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Figs. 3.10 and 3.11 for different types of canopies under different solar radiation
conditions. The simulated profiles of the radiation fluxes in the canopy agreed
with the measurements (Fig. 3.12).

By using these radiation transfer equations in crop canopies and experimental
data so far given for the respective crop leaves, crop canopy photosynthesis was
numerically evaluated in relation to the canopy structure, LAl and solar radiation
conditions (Fig. 8.13). When LAI and radiation level are both high, the simulated
gross canopy photosynthesis (@,) for vertical leaved canopies like rice was higher
than that for horizontal leaved canopy like sunflower and soybean. The influence
of the canopy structure on @, however, was smaller than those predicted by other
models. A realistically maximal effect of the structure on @, was estimated to be
about 256%,. While the influence of the percentage diffuse radiation on @, was as
large-as 309, at maximum, for all types of canopies with- LAI=4. Such a large
influence of the diffuse radiation came from the two facts. Firstly, with increasing
percentage diffuse radiation, the radiation energy distribution within the canopy
approaches to more uniform. Secondly, with increasing diffuse radiation, fraction.
of PAR to total incident shortwave radiation also increases.

Chapter IV. Modelling and the jeint simulation of microclimate, transpiration and
net photosynthesis in crop canopies

On the basis of the analyses and the experimental data given in the previous
three chapters, a comprehensive model was developed for simultaneously simulating’
microclimate, net photosynthesis and transpiration of crop canopies in steady states,
in relation to the physiological properties of leaves, canopy structure and external
meteorological environments, except for soil moisture factor. The modelwasnamed
MICLAM (crop MIcro Climate and Leaf Action Model). The scheme of MICLAM
is given in Fig. 4.1. The model was applied to rice and sunflower crops under
variously different environmental conditions, giving the following simulation results..

The simulated vertical profiles of the respective radiation fluxes densities,
diffusivity, leaf and air temperatures, water vapour pressure, carbon dioxide con-
centration and source or sink strength of the transpiration and net photosynthesis.
are given in Figs. 4.4 and 4.5 for the respective crops. When the incident radiation
was high and the saturation deficit of water vapour in air was low, the air temperature
incide the canopy was higher than that above the canopy and leaf temperature was.
higher than the air, so that Bowen’s ratio was positive. When the radiation was
low or the saturation deficit was high, the reverse was true. The simulated Bowen’s.
ratio as a function of the incident shortwave radiation flux density and the air
temperature is shown in Fig. 4.7.

In Fig. 4.6 are shown the vertical profiles of the diffusion resistances at air layer
in the canopy (7,), leaf boundary layer (7,), stomata (#;) and at mesophyll (r,), simul-
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ated for a moderately developed rice canopy. The orders of these resistances under
a usual environmental condition were 7,~10-2~10"1, 7,~10-1, 7,~10°~10%, and
7y=10%~oc0 sec cm~L. It was, therefore, concluded that both the rates of the
net photosynthesis and the transpiration of crop canopies are more restricted by
the physiological resistances (r; and 7,) than by the physical diffusion resistances
{r,and7,). 7,andr,in crop canopies were found to be limited mainly by the shortage
of the radiation energy due to the mutual shading of the leaves.

The average leaf canopy temperature (7.), the net photosynthesis (@,) and
the evapo-transpiration (E;), simulated for rice and sunflower canopiesin relation
to the shortwave radiation intensity, air temperature, atmospheric humidity or
wind velocity above the canopies are presented in Figs. 4.8 to 4.11. The following
aspects may be pointed out from those simulation results.

First, @,-radiation relations are either a saturation type, a non-saturation type
or an optimal type curve depending on the crop structure, air temperature and hu-
midity conditions. Second, @, at low air temperature is higher in sunflower than
in rice, despites the leaf temperature and photosynthesis relation in the sigle leaf
was similar between these two crop leaves. This ismainly because the temperature
of the leaves at upper canopy layer, which are photosynthetically most active, is
higher in the sunflower than in the rice (cf. Figs. 4.4 and 4.5). Third, with the
increase in wind, @, and E, both increase when the air temperature is high, but reverse
is true when the air temperature is low. The negative effect of the wind at lower air
temperature comes from the decrease in the leaf temperature. = Third, with lowering
the relative humidity, @, at all temperature conditions decreases, and E, at higher
temperature conditions is suppressed. The influence of the humidity on @, is,
however, smaller- than that of the single leaf shown in Fig. 2.3. This is because,
under canopy condition, @, is more restricted by the radiation factor than by the
humidity and because crops produce a mild humidity environment in the canopy
through the transpiration.

The model MICLAM well explained the transpiration or evapo-transpiration
from rice field, measured by Tomar and O’toole (1979),® with errors less than
159, (Figs. 4.12 and 4.13).

An attempt was made at simplifing MICLAM, a comprehensive model here pro-
posed for simulating the mutually dependent relations between the crop micro-
climate and the physiological activities, so as to easily be incorporated into alarger
dynamic model for crop growth. It was found that over 909, of the variabilities
of crop canopy photosynthesis, simulated by MICLAM for wide ranges of the environ-
ments, can be explained by a much simpler model in which only the radiation and
the average canopy temperature factors were considered (Fig. 4.16). It was, the-
refore, concluded that the major factors that affect @, under usual environments
are firstly the radiation factor and secondly the factors related to the canopy tempera-
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ture, and that the direct influences of wind, humidity and CO, concentration within
the canopy are very small, so long as the soil moisture conditions are optimal.

The average canopy temperature, which were predicted by MICLAM, were
tabulated as a function of LAI, water vapour pressure deficit of air, radiation intensity
and wind speed (Eq. 4.23 and Fig. 4.14). By using this tabular function for average
canopy temperature under variously different environmental conditions, the com-
prehensive canopy microclimate and photosynthesis model was simplified to one
similar to what was explained in Chapter III.

Chapter V. Growth and maintenance respirations of rice and sunflower crops

The growth and the maintenance respiration rates of rice and sunflower plants
were experimentally determined.

The night-time respiration of the rice plants increased linearly with the increase
in the day-time photosynthesis (Figs. 5.1 to 5.3). From this relation the growth
respiration factor (G,) or the transformation factor (&) of the gross photosynthates
to the plant tissues (production value, PV) and the maintenance respiration rate
were determined at the different growth stages by using the method by McCree
and Silsbury (1978)4®, - The results are given in Table 5.1.

The transformation factor (k) or the production value (PV) of the rice plants
was 0.77 (g dry weight/g CH,0) at 25 °C on average over the maximum tiller number
and boot stages, which was equivalent to 0.30 (g CH,0/g dry weight) in the growth
respiration factor (G,). The maintenance respiration rate of the whole crop averaged
over the same growth stages was about 0.012 (g CH,0/g dry weight/day) at 25 °C.
The values of 2 or PV at 15 °C in air temperature was apparently larger than that
at 25 °C. This was considered to be due to that the photosynthates were not com-
pletely depleted for the growth during the night at the lower air temperature condi-
tion. The temperature coefficient (Qy,) of the maintenance respitration rate of the
rice was estimated to be 1.78 on average over 10—35 °C.

Time changes in the relative growth rate (RGR) and the respiration rate of each
sunflower organ were measured during the growth of the crop (Figs. 5.6 and 5.7). It
was observed that RGR and the respiration rates both decreased with the growth
of the sunflower plants. From these experimental data, the transformation factor
(k) and the maintenance respiration rates of each sunflower organ and the whole
crop were determined at the vegetative and the reproductive growth stages, by the
method developed by Heaketh et al. (1971)%5. The results are given in Table 5.2.

The value of & of whole sunflower crop was estimated to be 0.64 (g dry weight/g
CH,0) on average over the vegetative and the reproductive stages, while the main-
tenance respiration rate at 25 °C was 0.015 (g CH,0/g dry weight/day) over the same
growth stages.. It was found that the leaves have the highest growth and maintena-
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nce respiration rates among the sunflower organs. The temperature coeffiecient
of the maintenance respiration rate was approximefely same for all the sunflower
organs, and was about 1.82 over 15—30 °C (Fig. 5.8).

It was, however, judged from the growth simulation of the sunflower crops
in the next chapter that the values of %, here obtained for the respective sunflower
organs, were underestimations by about 159, (cf. Chapter VI).

Chapter VI. Modelling and the simulation of the dynamics of sunflower crop growth
in relation to weather conditions

The results of the experiments and the analyses in the foregoing five chapters,
and the results of the additional experiments on the developments, the partitioning
of photosynthates to each organ (Fig. 6.2) and the specific leaf area (Fig. 6.3) on
sunflower crops, were integrated into a dynamic model named SUNGRS, for simulat-
ing the sunflower crop growth in relation to the meterological environments, except
soil moisture conditions. The scheme of the model SUNGRS is presented in Fig. 6.4.
SUNGRS was programmed with CSMP III, a dynamic simulation language (IBM,
1972)%%, in executable form, and the full simulation programis given in the Appendix
with sufficient notations. " A simulation result by SUNGRS on diurnal courses of
photosynthesis, reserve carbohydrate level and the growth is shown in Fig. 6.7.

To explain the measured growth of the sunflower crop by SUNGRS, 159, larger
value was needed for the transformation factor of gross photosynthates to each
sunflower organ, than those experimentally obtained in chapter V (Fig. 6.7). The
transformation factors, thus modified from the trial simulations, were very colse to
the value that Penning de Vries (1972)97® has estimated for sunflower from the
biochemical analyses. With this modification for the transformation factors of the
organs, SUNGRS quantitatively well explained the observed growth dynamics of
sunflower crops under variously different environmental conditions (Figs. 6.8 to
6.10). Hence, the experiments and the analyses on the growth processes of the
sunflower crops, made in the preceding five chapters, were largely justified to be
reasonable in comparison with the actual crop growth, with the exception of the tra-
nsformation factor. ‘

At the reproductive growth stage, however, the simulated growth gave underesti-
mation than the measurements for most cases, although the model qualitatively
well explained the growth behaviour of the crops under the various environments.
A discussion was made for the possible reasons that caused the underestimations
in the simulated growth at the reproductive stage.

Parameter sensitivity analyses were made for major parameters and weather
factors with SUNGRS, by incorporating the actually observed weather data during
the growth season of the sunflower at Tokyo in 1971. The results are summarized
in Fig. 6.12. It was found that the parameter B, which is the initial inclination
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angle of the leaf photosynthesis-light response curve, gives the largest influence on
the growth throughout the whole growth period of the crop. Then the transforma-
tion factor or the production value (PV), the parameter A, which is related to the
light saturation value of leaf photosynthesis, and the daily solar radiation (DAYSRI)
followed. These parameters are all related to the magnitude of input to the plant
system. It was, therefore, concluded that, when the temperature and soil moisture
do not significantly limit the growth, the crop growth is principally determined by
the magnitude of the input.

In comparison with the above parameters, the average leaf inclination angle
of the canopy (ALFBAR), the temperature coefficient of the respiration (Q1OR)
and the maximum tissue growth rate at 25 °C (MRGR25) were found to give very
small influences on the growth at all. The parameters related to the leaf area growth,
such as the specific leaf area (SPLA) and the partitioning ratio of the photosynthates
to the leaves (PATRL), were found to give large influence on the initial growth, but
to give only a very small or negative influence on the growth at later stages. The
minor or the negative effect of the luxurious leaves growth at the later stages came
from the facts that the mutual shading of the leaves for the radiation becomes very
severe and that the leaves are the most energy consuming organ for the formation
and also for the maintenance (cf. Chapter V).

The influence of the maintenance respiration rate (SMR25) and the air tempera-
ture conditions (TAMX and TAMN) was small at the initial stage of the crop growth,
but became gradually larger with the progress of the growth.

Chapter VII. General discussion :

The studies, so far explained in each of the 6 chapters, were fully discussed.
It may be concluded that it is possible to explain and predict, with acceptable errors,
the crop growth at the vegetative stages from weather conditions, based on the
model in which are integrated our present knowledge and experimental data on
physiological, ecological and physical processes of crop growth, provided that the
environmental conditions are moderate. In order to improve the present model,
for the simulation of the dynamics of the weather and the crop growth relationships,
to be applicable for the practical purposes of the growth and the yield prediction,
with a satisfactory accuracy for wide ranges of environments including the stress
conditions, the following five points are pointed out as important work to be made.

These are firstly, analyses and modelling of climatic adaptation phenomena
of crop photosynthetic activities; secondly, measurements and analyses of dry
matter budgets in crop growth at the reproductive stage; thirdly, analyses and
modelling of crop leaf area growth in relation to the environments; fourthly, analyses
and modelling of the partitioning processes of photosynthates in relation to the
environments; and fifthly, the incorporation of soil water and nutrients factors to the
crop growth model.
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70 CCNTINUE
DC 60 M=laNCBETA
BETA=DELBTAFLOAT(M=1)
CCSBT(M)=COS(BETA)
* BETA IS LEAF AZIMUTH ANGLE (RADIAN)

6C CCNTINUE

*
OYNAMIC

* DYNAMIC SECTICN OF THE MODEL
***#*#****ﬁ*****#**i#**#***##***##***#*##**####*##**##***##********##*#*
*
* s,
% CHAPTER I  GROWTH+RESPIRATICN AND RFSERVE LFVEL GF EACH ORGAN
* .

*
st ool ok o ook ok ok o ok ook ok ot ok ok o ok ook okl ok o ok ok okl Kok oloR ok R R ok R e ok R

*

*
*
*
*
*
*

DWL9AMDFL 9 AMRVL s MRPRL#GRPRL 9 TDWLORSVLL=GROWTHIDWLI¢TPEFFreese
PATRL#CPHOTRe¢AMDFLI9DEFLRL2AMRVL Y9 SMR25L 9GRPFL ¢MRGR259DIFRFL)
* CALLING MACRC 'GROWTH® TO CALCULATF DRY WEIGHT#AMOUNT OF DEFCLIATIONe
* RESERVE LEVEL OF CH2O0eMAINTENANCE RESPIRATION RATE »GROWTH RESPIRATION
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* RATE AND TOTAL ORY WEIGHT OF LEAVES
FbNCTIOh RFRVTIB=(=1Co90e)0{2e90e)e(102014012(200e91.0})
RESTRICYION FACTOR DEW Tn SHORTAGE OF RESERVE LEVEL QF CAPHOHYDRATE

* (RSVL)s DATA CUOTED FROM MOLDAU AMD KAROLIN (1977)
PARAM MRGR25=Ca3

* MRGR25 IS MAXIMUM RELATIVE GROWTH RATE AT AIR ‘TEMPe 25 CEMTIGRADEs
DWSeAMDFSoAMRYSeMRPRSeGRPRS e TDUWSORSVL S=GROVTH(DWSI s TPEFFoans
PATRSOCPHOTReAMDFSIoDEFLRS9AMRVSI 9 SMR25SeGRPFS4MRGR25¢DIFPFS)

* CALLING MACRC 'GROWTH' TC CALCULATF RESPECTIVF QUANTITIES DF STEMSe
OhReAMOFRsAMRVR ¢ MRPRRoGRPRRo TUWRSRSVLR=GROKTH(LKRI*TPEFFeons
PATRReCPHOTR9AMDFRI9DEFLKReAMRVRI o SMR25ReGRPFRoVRGR25¢DIFRFR)

* CALLING MACRC 'GRGWTH' FCR ROOTS GROWTH
DWPeAMDFP e AMRVP o MRPRPoGRPRP 9 TDUP e RSVLP=CROVTIHIDWP I ¢ TPEFF o qee
PATRPeCPHDTYR9AMDFPIoDEFLPPeAMRVP Y9 SMR2Z5PeGPPFPoVRGR259DIFRFP)

* CALLING MACRC 'GRCKTHY TO CALCULATF THE GROWTH CF REPRODUCTIVES
TOWPLT=TDHS+TCUL+TDWR+TOUP
* TOWPLT IS TOTAL DRY WFIGHT GF PLANT (G/%%2)
TOMPL=TDWL +AMOFL
TCMPS=TDWS+AMLFS
TOMPR=TDWR+AMOFR
TOMPP=TOWP+AMDFP
* ThHE ABOVES ARE TOTAL ORY 'MATTER PRODUCTION 0F EACKH CRGAN (G/Mx%2)

TOMPLT=TOMPL+TDMPS+TOMPR+TDMPP
TDEFL=AMDFL+AMDFS+AMDER+AMDFP

* THE ACCUMULATED TCTAL DEFCLIATION OF PRLANT (G/M4%2)
TMRPLT=INTGRL( TMRIsMRPRL+MRPRS+MRPPRMRPRP)

* THE ACCULATEDC TOTAL MAINTENANCE RESPIRATION OF PLANT (G/M¥*2)
TGRPLT=INTGRL{TGRI+GRPRL+GRPRS+GRPRR+GRFRP)

* ACCUMULATED TOTAL GRCWTH RESPIRATICN CF PLANT (G/M¥%2)
GSPPLT=TDMPLT+TMRPLT+TGRPLT

* THE ACCUMULATED GROSS PRODUCTICN OF PLANT (G/M%%2)
RSLPLT=(AMRVL+AMRVS+ANRVR+AMRVP)I/TDWPLT*10040

* ThE AVERAGE RESERVE LEVEL OF PLAMT ( PEFCENT)
TPEFF=GIOR**( (TAQ=25401/104C)

* TEMPERATURE EFFECT ON GRCWLTH RATE AND RESPIRATICN RATE

PARAM Q10R=1,82
PATRL=AFGEN(PTRLTBsDVSPL)
PATRR=AFGEN(PTRRTBsDVSPL)
PATRPEAFGEN(PTRPTBeDVSPL)
PATRS=1¢0=PATRL=PATRR=PATRP
* PATITIONING RATIO OF GRUSS PHOTCSYNTHETFS 10 EACH URGAN
FUNCTION PTRLTB={0090e6)9(Ce2¢0eb)?{00300e57)9(00400e53)0{0s21045C)r00e
(Ceb00e45)8{0e700e43)12(0uB00e38)0(0e990:33)18(14Cs0e30)00ce

(16190027390 10200024)9(1e390022)9(10490e2)0(2.00042)
FUNCTION PTRRTB=(0e90013)0(Ce290013)90(0es90e13)0{00t9Col2)00ee
(CeB20ell)o(14Cr0e08)e(1a100e07)0(10290s0310(146400eC3)9(2,090603)
FUNCTION PTRPYB={0e¢0e)19{0075006)9(0eB80Ca05)9{10090,146)0(Llele0e2b4)v0une
(1629005)0(1e300eb6)0{1e4sCab)o(2eCr006)
* PATITICNING RATIO IS GIVEMN RY TABLF FUNCTINN w]lTH RESPECTY TQO PLANT}
» DEVELOPMENTAL STAGE (LVSPL)
OVSPL=INTGRL{OVSPLIWOVR)
INCON DVSPLI=0426
* DVSPL IS ONE AT FLOKERLING
DVR=AMAX1(0es TAQ=THTENP) /EFNGDF

* DVR 1S PLANT DEVELOPMENTAL RATE AMD IS GIVEN By AS A FUNCTION OF
* EFFCTIVE AIR TEMPERATLRE
PARAM THTEMP=5+0¢EFDGDF=1300.0
* THTYEMP 1S THRESHOLD TEMPERATUREs FFDGODF IS EFFECTIVE DEGREE DAYS
* FOR FLOKERING

DIFRFL=0.0

DIFRFS=Ce0

DIFRFR=0¢0

DIFRFP=140/DELT*PULSFI
PLLSFI=NOR{DVSPL=0a75+0075-0VSPL=DVR*DELT)
DEFLRL=RDFRL*DKWL
* DEFOLIATION RATE OF LEAVES IN G/Mi%2/DAY
ROGFRL=AFGEN{RCFRTBoLAL)
FUNCTION RDFRTB=(0e90e)9{10e93,6E=2)
* RELATIVE DEFCLIATION RAE OF LEAVES (ROFRL IN 1/DAY) IS GIVEN BY AS
* A FUNCTION OF LAl
DEFLRS=PROPFD*DEFLRL
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* DEFOLIATION RATE OF STEMS (PETICLES) IS PROPOTICNAL TO LEAF DEFOLIATION
PARAM PROPFD=0e25

DEFLRR=00

DEFLRP=040

* NC DEFOLIATICN IS ASSUMED FOR RCOOTS AND REPRODUCTIVE QRGANS
PARAM SMR25L=0e0489SMR2553040075¢SMR25R=0e0104SMR25P=206023
* THE "SPECIFIC MAINTENANCE RESPIRATION RATE.OF EACH ORGAN ( 1/DAY)
GRPFL=(1+0=PVLF)/PVLF
GRPFS={140=PVST)/PVST
GRPFR=({140~PVRT)/PVRT
GRPFP=(1+0~PVRP)/PVRP

* THE ABOVES ARE GROWTH RESPIRATICN FACTORS OF LEAVESe STEMS AND

* PETICLESy ROCTS AND RFPRODUCTIVE CRGANS IN GCH2C/GDWe RESPFCTIVELY

PARAM PVLF=0e694PVST=0e849PVRT=0eB8l9PVRP=0,8]

* ThE ABOVES ARE PRODUCTION VALUES CF EACH CRGAN ADJUSTED BY

* THEORETICAL VALUES OF PENNING DE FRIES (1972) [N GDW/GCH2C
LATI=SPLAXDWL

* LEAF AREA INDEX IS CALCULATE BY MULTIPLYING Dwl WITH SPECIFIC LEAF

* AREA SPLA IN M¥¥2/G

SFLA=AFGEN({SPLTBe+DAY)

FUNCTION SPLTB5{0e0Ce03)9(156900032)0(314904036)9(39,904026) 0000
(66000sC27)9(53e906026)0( 600900 024)0(67-000024)9(74-l0 021)%e0s
(81e¢904021)9(150e00402)

¥
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* *
¥ CHAPTER Il CRCP MICROCLIMATE AND CANDPY PHOTOSYNTHESIS *
* ’ *
* . ; *
s oo o o e ok ook ok oo ok o KOkl o oK o o o ol o ol o ok o o s e e o R ool ok ok e o A o ok
* sl ik ok ks ob R o Ko ok ok o o ek ok ok AR Ok ok ok ok kR ok
*
* JI=«le CANCPY STRUCTURE AND RADIATION EXTINCTION CCEFFICIENTS
*

NL=IFIX(NLFL)
* NL IS NUMBER CF CANCPY LAYER

NLFL=AFGEN(NLFTBsLAL)
* REAL NUMBER CF NL (KLFL) IS GIVEN RY A FUNCTION OF LAl
FUNCTION NLFTEB={009400)9(1a006,0)0(2009100)0(400160)9({1040200)
DELTF=LAT/FLOAT(NL=~1)

* DELTF IS LEAF AREA INDEX OF EACH LFAF LAYER
FLUGCT=IMPULS(START#FLGINT)
* FLUGCT 15 A PLLSE TO CHANGE CANCPY STRUCTURE

PARAM FLGINT=1040
ALFBAR=AFGEN(ALFRTRsTIME)

* ALFBAR IS AVERAGE LEAF INCLINATIOM ANGLE UF CAAFPY (DEGREF)

PARAM SCALF=19.0

* STANCARD DEVIATION OF LEAL INCLINATICN ANGLE DISTRIBUTION (DEGRFE

FUNCTION ALFETB=(0e920e0)9(380927e8)1(484929e5)3(60093704)v000
(69¢047e¢6)9(120e9500)

PROCEDURE PROBDeETSRaCANST{FLUGCT+NL9DEI TFeALFBARISDALF)

* PROBABILITY DENSITY FUNCTION OF LEAF INCLINMATIQN ANGLE (PRDBD),
* AND EXTINCTICN COEFFICIENT .TO SCATTERED PADTATICN (ETSR) 1S HERE
* CALCLLATED

IF(FLUGCT«LTe«CW0l) GG 10 20

RALBAR=ALFBAR/90.C

RSDALF=SDALF/90.0

QX={RALBAR=RALBAR*#2RSDALF%*2)
LAMDASRALBAR/RSDALF#%24QX
XI1=)eO/RSDALF#*%2%QX*(140=RALBAR)
SsULMX=0,0
D0 3¢ I=1eNCALF
Y=24C*ALFA(T)/PAL
IF(1.EQel) GC TO 31
IF(1,EQeNCALF)} GO TO 31
PROBO( I} =Ysa(LAMDA=14C)%(La0=Y)k(XTml ,0) "
SUMXxSUMX+PROBO.(T )
G0 TC 30

31 PROBD(I)=060
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CONTINUE

BETAF=SUMX%DELALF

DO 4C I=1eNCALF

PROBL(1)=pPROBD(T)/BETAF

PROBABILITY OENSITY FUNCYION OF LFAF INCLINATION ANGLE OISTRIBUTION
CONTINUE

CALCLLATION CF EXTINCTION COEFFICIENTS FCR DIRECT AND DIFFUSE SHORT
WAVE RADIATICN IN CANCPY
NCLAI=4eDELLAI=14C

PLANT CANQPY CF LAJ=440 IS USED FCR CAICULATING DIFFUSE EXTeCCOEFFe
DG 75 K=laNCSUNA

IF(KsEQel) GC TC 71

IF(KsEQaNCSUNA) GC TC 72
TANSA=SIN{SUNALTIK) ) /COS(SUNALTIKY)

GC TC 73

TANSA=1e0E-2

GG T 73

TANSA=1e0E2

slMl=0a0

sLM2=20.C

DC 8C I=14NCALF

$1=0.0

§2=0.0

DG 9C M=leNCBETA
DKB=ABS(COSALF(1)+SINALF(I)/TANSARCOSRT(M])
IF{M,EQel) GO TO 91

IF(MsEGeNCBETA) GE TC 91

S1=S51420%DKE

GG TC 9¢C

$2=52+0KB

CONTINUE
DKALF=1eQ/PAI#PROBO(II*(S1+S2)*DELPTA*0L5
IF(I.EQel) GC TO 8)

IF(1«EQeNCALF) GO TO 81
SLM1=SUM1+2.C*DKALF

GG TC 8C

SUMZ2=5UM2+240%DKALF

CCONTINLE

DK(K)={SUML4SLM2I¥TFLALF*C0a5

NK(K} 1S EXTINCTICN COFFICIENT FOR DIRECT RAUTATIONe CORRFSPONDING
IC K=TK SUN ALTITUDE CLASSs

CONTINUE

SLUMEXS=C,0

DC 160 NX=1ehCLAT

FX=DELLAI*FLCAT{NX)

$1=0.0

§2=040

DC 110 K=1eNCSUNA
RISFKEEXP(=DK(K)*FX)#STN(240%SUNALT(K))
IF(KeEGel) GC TO 111

IF(KeECoNCSUNA) GO TC 111

§1=5142e0%RISFK

GC T1C 110

§2=S2+RISFK

CONTINUE

RIS=(S1+S2)1*DELSUA%0.5
SUMEXS=SUMEXS=~ALOG(RIS)/FX

CONTINUE

ETSR=SUMEXS/FLOATINCLAT)

EXTINCTION CCEFFICIENT FCR DIFFUSE SKY PADTATIGM
CONTINUE

ENDPRGC

%
*
*
*
*
*
*
p
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11=2+ RADIATION FLUX DENSITY IN CANOPY

RADIATICN FLUX DENSITY DISTRIBUTIGN IN CANOPY 1S CALCULATED HERE
L4

ROCEQURE ETDReDISRC«DSCPARLSCPARIPSSULA9DSCASReUSCASR=ROFLX(TOSRIGrese
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DSCSROWCUSUNAWCOSALFeSINALFoCOSBT¢ETSRePRORUSNL4DELTF)
* CALCLLATION CF VERTICAL PROFILE OF RADIATION FLUX DENSITY IN CANDPY
* CGS UNIT IS USED HERE
PARAM SCOFSR=0s25
* SCATTERRING COEFFICIENT FOR DIRECT AND DIFFUSE RADIATION OF CANODPY
PARAM SCOFPR=Cel
* SCATTERING CCEFFICIENY FCR PAR

PARAM REFS=0,1
* REFLECTIVITY CF SOIL
PARAM REFSPR=0+05
* REFLECTIVITY CF SCIL TO PAR
IF(TCSRICsLTele0E=7) GO TO 501
IF(CUSUNALLTe1e0E=4) GO TO 121
IF(CUSUNAGGToPAL/2,0=140F=4) GO T 122
TANCSA=SIN{CLSUNA}/COS{CUSUNA)
60 TC 123
121 TANCSA=1eQE=-3
66 TC 123
122 TANCSA=1.0F3
123 S1=0.0
SZGOQO
DC 130 I=1eNCALF
§X1=Ce0
SX2=CeC
DO 140 M=1oNCBETA
DRILS{IoM)=ABS(COSALF(I)+SINALF(T)/TANCSA*COSHET(M))
* DIRECT RADIATION FLUX DENSITY ON A LEAF WHNSE INCLINATION ANGLE IS
* CLASS 1 AND AZIMAS ANGLE PELATIVE ‘TO SUN IS CLASS M
IF(M.EQel) GO TO 141
IF(MJEQeNCBETA) GG TC 141
SX1=5X142.0%DRILS(TeM)
6C TC 140
141 SX2=SX2+4DRILS{1sM)
14C CONTINUE
AVORI=1e0/PATHPROBD(I VX (SX1+SX2)%CS54LFLBTA
IF(I14ECel) GO 70 131
IF(T4EQeNCALF) GD TO 131
$1=S1+2.0%AVDRI
GG TC 130
131 S2=S2+AVDR]
130 CONTINUE
ETDR={S1+S2)%DELALF*0a5

* EXTINCTION COEFFICIENT FCR DIRECT RADIATION AT CURRENT SUN ALTITUDE
UISRC=TOSRIO=CSCSRE

* DIRECT SHORTWAVE RADIATICN FLUX INTENSITY ABGVE CANUPY IN

* CAL/CM%%2/SEC

QS={1e0~SCOFSRI*ETSR
QP={1e0=SCOFPR)I*ETSR
IF{ABS{CQS<ETDR)sLTeleCE~3) QS=ETDRw14(F=3
AS=SCOFSR*ETDR*DISRG/{QS=-ETOR)
BSESCOFSR*((QS=ETDRI*DSCSROmSCOFSR¥ETOR*IISRO) /une
(240%(GS=ETDR}*(1eG=SCCFSR))
.CS=SCOFSR*¥ETORXDISROH (ETSR=-ETDR)/{OS#*2=FTNR¥%2)
DSCPAQ=DSCSRO*FPASSR
OIPAC=DISRO*FPADSR
IF(ABS(CGP~ETDR)aLTele0E=3) QP=ETDR=140E~3
AP=SCOFPR*ETOR*DIPAD/ (QP=-ETOR)
BP=SCOFPR*{{CP=ETDR)ANSCPAQ-SCOFPRAXETDR4CIPAD ) fene
{240%(QP=ETDR)*(140~SCOFPR))
CP=SCOFPR*ETOR¥DIPADX(ETSR=FTOR)/(CP#%#2=FTOR®%2)
0C 150 J=1sNL
DCLAT=DELTF*FLOAT(J~1})
DKFeDCLAI*ETOR
IF(DKFeGTe1a0F2) DKF=140E2
PSSULA(J)=EXP(=DKF)

* PERCENT SUNLIT LEA AREA INDEX AT [AYER J

EXPS=EXP({=QS*DCLAT)

EXPP=EXP(=QP*DCLAT)

DSCASR(J)Y=DSCSRO*EXPS+AS*(PSSULALJ)=EXPS) R :
* DOWNKARD SCATTERED SHCRTWAVE RADIATION FLUX AT LAYER J

DSCPAR(J)=DSCPACHEXPP+AP*(PSSULA{J)=EXPP)
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* DOWNWARD SCATTERED PAR FLUX IN CANDPY LAYER J
TDSRICJ)=DISRO*PSSULA(J)+DSCASRI)
* TGTAL DOWNWARD' SHORTWAVE RADIATION FLUX DENSITY AT LAYER J

150 CONTINUE
USSRC=REFS*(DISRO*PSSULAINL)+DSCASRINL))
USPAC=REFSPR*(DIPAO*PSSUL A(NL)+DSCPAR(INL))
EXSS=EXP{~QS*LAI)

EXSPsEXP(=QP*L AT}

DO 160 J=1sNL

DCLAI=DELTF*FLOAT{J=1)

EXPS=EXP(QS%*DCLAT)

EXPP=EXP{QP*DCLAI) ‘
USCASR{J)=USSROYEXSS*EXPS+BS*(1a0/EXPS~EXSSH¥OXEXPS) wne
+CSH*PSSULACJ)=EXSS*PSSULA{NL)*EXPS)

* UPWARD SCATTERED PAR FLUX DENSITY AT LAYER J
USCPAR(J)=USPACHEXSP*EXPP+BP*(1e0/EXPP=EXSP*¥0%EXPP ) eos
+CP*(PSSULA(LJ)=EXSP%PSSULA(NL)*EXPP)

* UPWARD SCATTERED SHORTWAVE FLUX AY LAYER J

160 CONTINUE
60 TC 5C2

501 DC 170 I=1sNCALF
N0 180 M=]1¢NCBETA
DRILS(IeM)=CWC

180 CONTINUE

170 CONTINUE
DO 190 J=1eNL
PSSULA(J)=060
TOSRI(J)=0,0
DSCASR(J)=0.0
OSCPAR(J)=0eC
USCASR(J)=0.0
USCPAR({J) =040

190 CONTINUE
DISKRC=0e0
CLSUNAZC W0 !
ETDR=14CE3

502 CCNTINUE

ENDPRO

Aol oK R b ook ol ok ok o ok o ok ek ok
11=-3+ AVERAGE CAMOPY TEMPERATURE

LR R 3 W 3

AVERAGE TEMPERATURE CF CahOPY IS CALCULATED HERE

PROCEGURE AVTL=SBTL({LAT«TOSRIDsTADQeVADILO)

* FORTRAN SUBRCUTIN FOR CAlLCULATING CANCPY AVERAGE TEMPERATURE
FUNCTION TLTBCP0e0Z{0e9=003)0(1009=2e419(20et=t01)0(3Cer=540)e{40qr=Pal)
FUNCTION TLTBC93e33E=3=(0etle)r({1009=1a)9{20e9=3,5)0(4Nes=8a0)
FUNCTION TLTBO#1e0E=2=(0as4e0)9{2009=163)¢(4000=be3)

FUNCTION TLTBO91a6TE=2=(0e06e2)0(20s01e3)0{40sr=248)

FUNCTION TLTBO#2433E=2=(0a9842)9{20004eC)0(40e9045)

FUNCTION TLTBC9340E=2=2(0et1Cal)e(2000b687)0{40e0346)

* THE ABOVE TABLES ARE LEAF=AIR TEMP, DIFFERENCE AS A FUNCTICN GF
* RADIATION AND VAPOUR PRESSURE DEFICIT FCOR LAI=0a5

FUNCTION TLTB190s0=(0e9=002)0{1000=143)}0(2Ce9=268)9(4Car=40e9)
FUNCTION TLTB1903e33E=3=(Ce9142)9(1009=0a8)9(20e?=2¢5)9(4009=5¢3)
FUNCTION TLTB1o1e0E"2={Ce0223)9({1000002)9(2009=2e0)0(40s0=541)
FUNCTION TLTB191e6TE=2=2(0e9400)0({10e9103)19(20e=043)9e(400s0~342)
FUNCTION TLTB192¢33E=22(069545)9(1002305)0{20e4149)s{400e9=0:5)
FUNCTION TLTB193¢0F=25{CetB8e0)0(10a85e4)0(2Cer602)9(4Ce02e2)

* THE ABOVE TABLES ARE FOR LEAF=AIR TEMPERATURE [IFFERENCE FOR LAl=2
FUNCTIOM TLTB2900e0={0s9=0el)2{10e0~103)9{200s=20¢5)0(4Ces~40e0)
FUNCTION TLTB293433E=3%(0e9140)2(1009~048)9(2009=203)0{60e0=40e1)
FUNCTICON TLTB29140E=2=(0092e0)2{1Ce20e0)2{2Cet~1eB)s(4000=4s3)}
FUNCTION TLTB201467E=2={009362)0(10e2142)2{2009~065)9{400e9=208)
FUNCTION TLTB292¢33E=2=(0e0403)0(10092e5)9(20e21lal)e(40e0=0a7)
FUNCTION TLTB29340E=22(060545)0(10e93e9)5({2Ce8209)9{4Cerle3)

* ABOVE TABLES ARE FUR LEAF~AIR TEMP, DIFFERENCE FOR LAI=4 CANCPY
FUNCTION TLTB390e0=(Ce00s0)0{1000=142)0(2000~2e4)9{40e9=3¢9)

FUNCTION TLTB303¢33E«35{04908)0(1009=1.0)19(20e9=204)9(40e9=348)
FUNCTION TLTB39140E=2%(0eoleb)e{1009=0e3)9(20s9=2e0)9{40a0=440)
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FUNCTION TLTB391067E=2=(00902e5)9(10e90e7)0(20e0=100)9(4009=209)
FUNCTION TLTB392433E=22{0e93¢4)9{10590146)9(2009042)0(400v=143)
FUNCTION TLTB393,0E=22(0ev4eb6)9(10002¢8F0(2Cerleb)o{40e90e3)

*

ABOVE TABLES ARE FOR LEAF-AIR TEMPFRATURE DIFFERENCE FOR LAlz640

FUNCTION WILTB=(0093¢0)9(50a01e6)e({10Ces140)0(200e00a71)0(400090050) 0000

ENDPRC

L 2R 2R 3 2 I I J

* #

*

314

320

. (600e90036)90(1000600422)0{10000e000)
IF({LAI+LE40«5) GO TO 310

IF(LAT+GEeb40) GO TO 311

IF(LAI«LEs24C) GO TO 313

IF(LAIJLE«4e0) GO TO 314
DTLX1=TKOVAR{TLTB2¢VDCeTCSRIC)
DTLX2=TWOVAR(TLTB3,VOCsTOSRIO)

OTLX1 IS LEAF=AIR TEMPERATURE OIFFFRENCE AT LA[=4.0
DTLX2 IS THAT AT LAI=6,0
OTLX®(LAI=640)/2e0%(DTLX2=DTLX1)%DTLXY

THE INTERPOLATED LEAF=-AIR TEMPERATURE DIFFERENCE FOR LAI=440=640
GO TCc 320

DTLX*=TWCVAR{TLTBOyVCGs TOSRIC)

LEAF~AIR TEMPERATURE CIFFERENCE FCR LAT LESS THAN 0S5
GC TC 320

DTLX=TWCVAR(TLTB3sVDCeTOSRID)

LEAF-AIR TEMPERATURE BGIFFERENCE FCR LAI LARGER THAN 640
G0 Tc 320

DTLX1=ThOVAR(TLTBO«VDCsTOSRIG)
DTILX2=TWOVAR{TLTBLlaVDeTOSRIO)
DTLX=(LAI=Ce5)/1eS5*{DTLX2=0TLX1)+TLX]

LEAF=AIR TEMPERATURE LIFFERENCE FCR LAT=0e5~2.0

GO TC 320

OTLX1=TWOVAR{TLYBLleVOCsTRSRIOY
DTLX2=TWOVAR(TLTB2+VOCeTRSR]ID)
OTLX=(LAT=240)/240%(DTLX2=DTLX1)I*ETLX]

LEAF-AIR TEMPs DIFFERENCF FOR LAIx2,0=440
EFWIND=AFGEN(WTLTBWUG)

AVTL=DTLX*EFKIND+TAD

Aokl koo ok o ook ok okl o ok el ko o ok ook ok R ok ok o e ok R okl

I1~4s GROSS CANGPY PHNTCSYNTHESIS

GROSS CANOPY PHOTOSYNTHESIS IS CALCULATFR HERE

DAGPRT=INTGRL(OevCPHOTR=PAGPHT*PUL S/DELT)

DAGPET IS DAILY GROSS CANQPY PHCTCSYNTHESIS AND CPHGTR 1S RATE
OF GROSS CANCPY PHrTGSYMTHESIS (GCH20/M%%2/DAY)
PLLS=IMPULS(START»140)

PLULS IS A PULSE TO RESET CAGPHT TC ZERO EVFRY pAY

PROCEDUR CPHOTR=PHOYO(TOSRICHETSReDSCPAPwUSCPARIPSSULASDISROpens

*
*

* *

PROBD eNLDELTF9AG)

SUBRCUTINE TC CALCULATE GROSS CANCPY PHOTUSYNTHESIS

CGS ULNIT IS LSED HERE

IF(TCSRIDGLTe]140E=5) GO YO 590

PG1=Ce0

PG2=Ce0

00 510 J=1sNL

SCPARL=ETSR*(DSCPAR{JI+USCPAR(Y))

SCATTERED PAR FLUX DENSITY ON LEAF SURFACE AT LAYER J (CAL/CM*%2/S)
PGSUAL=040

PGSUA2=Ca0

DC 520 I=14NCALF

PGSUB1=040

PGSUR2=0e0

0C 530 M=14NCPETA

DIPARL=FPADSR#*DISRGHORILS(TeM) .

DIRECT PAR FLUX DENSITY 0N LEAF SURFACE WHOSE INCLINATION ANGLE
IS CLASS I AND AZIMUTH ANGLE CLASS M (CAL/CM*%2/SEC)
PGSUX1=B%{ SCPARL+DIPARL)/(140+AG%{SCPARL+DIPARL))

GROSS PHOTOSYNTHETIC RATE PER UNIT LEAF AREA 0OF SUNLIT LEAF
(CCO2/CM*%2/SEC)

IF(MsEQel) GO TO 531

IF{M.EQeNCBETA) GG TG 531
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PGSUB1=PGSUBL42.0%PGSLXL
6C TCc 530
531 PGSUB2=PGSUB2+PGSULX1
530 CONTINUE
PGSUNX=1eQ/PAT*(PGSUBL+PCSUBZ ) *DELRTA*0.5%PRORD( )
* WEIGHTED AVERAGE CF GRCSS PHOTOSYNTHESIS OF LEAVES WHOSE INCLI-
* NATICN ANGLE CLASS IS I
IF(I.EGel) GC TO 521
IF(1.EQeNCALF) GC TO 521
PGSUAL=PGSUAL+240%PGSUAX
GC TCc 520
521 PGSUA2=PGSUA24PGSUAX
520 CONTINLE
PGSUN®(PGSUAL4PGSUA2 )#DEL ALF*045%PSSULA{J)

* GROSS PHOTOSYNTHESIS CF SUNLIT LFAVES AT LAYER J
PGSH= (BX*SCPARL /(1 eC+AGHSCPARL) I*(140=PSSULALYY)
* GROSS PHOTOSYNTHESTS CF SHADED LFAVES AT LAYER J

IF(JeEQel) GO TO 511
IF(JsEQeNL) GC TO 511
PG1=PG1+42+0%(PGSUN+PGSH)

) 6C T 510

511 PG2=PG2+PGSUN+PGSH

510 CONTINUE
CPHOTR®3040/4440%(PGL+PG2 ) %0 S4NF TF4Bab4ER

* GROSS CANOPY PHOTCSYNTHETIC RATE PFR UNIT LANG AREA (GCH2C/M¥%2/
* DAY)
GC TC 591

590 CPHOTR=C+0
591 CONTINUE

ENDPRC

PARAM B=4.80E~5

* PARAMETER CHARACTERIZING PHG TUSYATHESIS LIGHT CURVE (GCO2/CAL)
AG=AFGEN(AGTBeAVTL)

* ANOTHER PARAMETER CF PHUTGSYNTHESIS-LIGPT CURVE (CA*%24SEC/CAL)

* AS A FUNCTION OF AVERAGE TL

FUNCTION AGTBI(O-vIC.OEB)v(10.09-552)0(15.04.83&?)0((C-03o12£2)'-..
(250026 71E2)0(30092a44FE2)1(35492479E2)9(40493.19E2)

*
2 0o o o o o8 ook ok o e ok 3o o ok ok sk ook ok ok ook oK o ok ok kOO Rk o ok ook ok R ks kb ok ko Rk e Rk R kR Rk &

*
* ) *
* CHAPTER III ~WEATHEReGECMETRICAL ASTCRONCNOMICAL CONDITIONS *
* *
* *
LI R F R e s e L P L e e LA L L E L)
*
*
* ool ok ok ok ok kK sk R OR R g R R OK
*
* IIl=1s AIR TEMPERATURF CGNDITICONS
*
* DIURNAL COURSE OF AIR TEMPERATURE 1S GJVEN HERE
DAY=AINT(TIME)
* DAY IS DAYS FROM SQWING
HOURs { TIME=~DAY)%24.0
THOUR® INSW(HCLR=TSRIS926.0=TSRIS+LOURYHAUR=TSRIS)
* THOUR 1S HOUR DEFINED TO ACCOUNT FOR DIURNAL TEPMERATURE VARIATION
TDAY=INSW(HOUR=TSRISsCAY=1400DAY)
* TOAY IS A DAY ACCOUNTING FOR TEMPFRATURF CYCLE
TSRIS=AFGEN({TSRTBeDAY)
* TSRIS IS TIME OF SUNRISE IN CURREMT DAY
TSSET=AFGEN(TSSTBelAY)
TAMX=AFGEN{ TAMXTReTDAY)
* TAMX IS MAXIMUM AIR TEMPFRATURE OF CURRFNT TDay
TAMN=AFGEN(TAMNTR9TOAY)
* TAMN IS MINIMUM AIR TEMPFRATURE OF CURRFMT TDay
TAMNX®AFGEN(TAMNTBsTDAY+100)
* TAMNX IS MINIMUM AIR TEMPERATURE CF NEXT TDAY
AVTACS(TAMX+TAMNI /240
* AVTAC IS DAILY AVERAGE AIR TEMPERATURE (CENT!GRADE)

TAO=INSW({ THOUR~PERI1#SINC19SINC2) -
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*

ARAM

PERT1=TNOON+2.,0~TSRIS

SINCI=(TAMX=TAMN) 2 (SIN( THOUR*PAI/(2,0%PERIL) ) )1%%2+4TAMNeae
+MF1*(TAMX-TAMN)#(SIN(THOLR*PAI/PER;l))**2

AIR TEMPERATURE COURSE FROM MINIMUM TO MAXIMUM

SINC2=( TAMX=TAMNX }k(SIN({24e0=THOLR)RPAI/(2e0%PERIZ) ) ) *%24 00
+TAMNX+MF2X(TAMX=TAMNX ) #(SIN{ (24 ¢C=THOUR )*PAT/PERIZ) ) #%2
PERI2224¢0=PERI1L

ABOVE TEMPERATURE CURVES WERE QUOTFD FROM WADA (1980}
MF1®Cs09MF28=Cel5

MCDIFICATION FACTORS FOR THE TEMPERATULRE CURVES BY WADA (1980}
TMNOON®0e5%( TSSET+TSRIS)

TNOOM IS TIME OF SOLAR NRON  (HCUR)

o o oo ool A R SR R o o o R e R R HOK K

I111-2. SOLAR RADIATICN FLUX AND OTHER WEATHER CONDITIONS

DIURNAL COURSE OF SOLAR RADIATION FLUXeDEWPOINT TEMPERATURE AND

DAILY AVERAGE WIND SPEED IS GIVEN HERE
DAYSRI=AFGEN(DASRTBeDAY)
DAYSRI IS DAILY SHORTWAVE RADIATICM FLUX DENSITY (CAL/CM*%2/04Y)

PROCEDURE TOSRIOYDSCSROeCUSLNA=RADI{ THDUR DAY e TSSETTSRISe TNOCONSPAYSRI)

*

ENDPRG

555

556

SUBRCUTINE TC CALCULATE CIURNAL CCURSE CF TOTAL SHIRTWAVE RACIe
ATIONs SCATTERED SHORTUAVE RADIATICN BAND SUN AL TITUDE
IF(THOURSGT#TSSET=TSRIS) GO TO 55%
TCSRAN®PATXDAYSRI/{2eCH({TSSET=TSRISI*346F3}

TCSRN IS  TOTAL SHORTWAVE RADIATICM FLUX AT NCCN (CAL/CM¥%2/SEC)
TCSRIO=TOSRN*SIN(PAI*THOUR/(TSSET=TSRIS))

TCSRIO IS TOTAL SHORTWAVE RADIATION FLUX AT CULKREMT TIME (CaGeS)
FSSRC=®1e0=24CE-4%DAYSRIm2 e 0E=62DAYSRI#%2

FSSRC IS FRACYION (F SCATTERED RARIATION OF TCTAL SHURTWAVE RADI,
DSCSRO=TOSRICAFSSRE

DSCSRO IS DOWNWARD SCATTERED SHORTWAVE RAGTATI(GN ABOVE CAMCPY
(CAL/CM%%2/SEC)

SUNDL=AFGEN{.SUNUTBsCAY }¥COVIR

SUNDL 1S SUN CECLIMATION {(RADIAN)

TANGL == { TNOON=HOUR)*15.02COVOR

TANGL 18 TIME ANGLE (RADIAN)

SINLT=SIN{LAT*COVDR)

COSLT®CGS(LAT*COVOR)

LAT IS LATITULDE OF Thé FIELD (DEGRFE)

SINCSA=SINLT#SIN{SUNDL }+COSLT*COS{SUNDLI*CNS{TANGL)
CLSUNA®ASIN({SINCSA)

CUSUNA IS CURRENT SUN ALTITUDE (RaADIAN)

IF(CUSUNAGLE«Ce0D) CUSLNAZQ0

GG TC 556

TCSRIO=Ce0

DSCSRO=Ce0

CLSUNAZC 4O

CONTINUE

PARAM FPAGSRz0047oFPASSR=055

*
*

P
*
*

*

*

*
p
*
*
*
*
F

ARAM

ARAM

FPADSR IS FRACTION OF PAR TC DIRECT SHORTWAVE RADIATIUN ANDFPASSR
THAT TO SCATTERED RADIATION

LNT=139,7¢LAT23546

LAY IS LONGTUDE AND LAT IS LATITUCE (DEGREF)

UC=AFGEN{UDTBWDAY)

UC IS WIND SPEED ABOVE CANOPY (CM/SEC)
SVPTA=AQ+AL#TAD+AZHTAGHR24A3XTADRRI+AL*TAOKK,

SVPTA 1S SATUTRATEL WATER VAPQUR PRESSURE AT AIR TEMPERATLRE (MR)
VP=AFGEN(VPTBeDAY)

VP IS CLRRENT VAPCLR PRESSURE (mMB)

VOO INSW(SVPTA=VP9CeCsSVPTA=VP)

VCO IS WATER VAPOULR PRESSLRE DEFFICIT (MB)
ACEAe14311479A120e464249+4220,0134139¢A3x2,097C3E-41A4=545163E=0
THESE ARE CONSTANTS CF PCOLINOMINAL EQUATION OF SATURATION WATER
VAPOLR PRESSULRE CURVE

WEATHER DATA IN 1971 SUNMFLOMWER EXPFRIMENT IN TOKYCD

DAY=Ce0 IS TIME OF SOWING AND IS JUNE 4 1971

LNCTION DASRTBa(15e941603)9(16016304)0(17e98609)9( 1840173310000

(190'458.5)0(200'147'2)'(21-'“13-9)'(220!3“905)'(23.124807)l-oo



FbNCTIUh TAMXTB3(0a92408)9(1492607)9(2e92003)9(3002407)2(40926001)
(5092708)0(6092401)0(7692809)90(8092301)90(92021.7)9(10002281)y

*

FUNCTION VPTBZ(156015e9)0{16e9154510(17e917e1)19(1Bas1748)0{1% 21%eb)veae

WL B SBETEYONER, W LTERRET S v A 7 A &%

(2400353e¢0)0(25e119606)9(260929149)0{27a912506)0({28e95%e3) %000

{29097309)9(3Ce9323s1)9(3100463e8)9(320940246)9(3309239eF 10000
(3609503e3)9(354927306)9(3642305eC)9(37404586)0(384035208)000s
(390'28407)'(40"33004)'(91.!324.9)'(“20'3QS02).(43.'3080?)'0..
(460935808 )0(45e044602)9(4hav4B880G)9(4T70933248)9(4Bar162eb)000e
(490936706)9(5009609¢5)9(51¢926209)9(52007302)19{53622B% }00sn

(540946603)0(55e¢951203)9(560938708)0(572v475+110(58e95270F ) 0000
(59e949100) 0 (60004200910 (610958Ceb)0(62¢0469e5)2(63004648aR) 0000
(640958802)90( 65090664600 )0({666935Ce5)0(670044107)0(6B8a955501)0000
(600041808} 0(700937506)9(71a044Ce2)0(7209400e5)0(7300422eb)0040e
(7T609265e¢9)9(752931502)9(760017302)19(7709119e5)0(780934307)000e
(790'234!6)!(80-!34209)'(81.'78-7)v(82¢!215-3)9(83t'192 TYvase

(8609358041 1(B8509457a6)90(864031242)9(870936163)9(8B8ar4543)
DAILY SHORTWAVE RADIATION AS A FUMCTION OF TIME IN DAYS

(1169260031 9(12692049)9(136926e8)0(140026e8)0(15092449)9
(160902002)0(17621945)9{18e92169)90(19002849)2(20092543)s
(21092B03)0(220930s7)9(23¢927¢1)8(24403240)9(25092407)0°
(26002469) 9012709284819 ({2R602004)9(29492%50)90{30a030e4}
(31e93203)9(32a231e6)9(33,92% 1)10(34493320)4(3549318)0
{360930e3)0(370932e7)8(38¢031e3)}9(3%9e92Re5)0{40e230e5)0
(41003006)!(42.'3202,I(43"3006)'(4Q-'?707)9(45-'28-2)'
(460902802)9(670828e))9(4Pe02742)9(490930e4)9(500930e3)¢
{510930e0)9({52e¢925¢2)0{53092Be7)9(5%4e931e7)9(55a031al)e
(560931eB)9(57a032e5)9(580933a1)9(5%¢933e1)0(60e93Le7)
(61093200} 9(624930e7)0(63e93106)e(bbe933al)e(b5e934e0)
(6600316F)9(670933e3)9(680933a2)9(69493248)0(700933e8)0
(710903203)0{720931a6)9(73093Le910(74092645)0(75+02609}4
(76002606)9(77e923ab)0(7891299)9(79290290110(80e93244)9
(81092606)9(B826927¢4)0(B3092705)0(B4es31e3)9(8509330b)s
(B6ee3105)0(87et31eb)e(BRev24e3)10(894927¢3)0(900019e3)
(1s918al)

DAILY MAXIMUM TEMPERATURE AS FUNCYION OF DAYS FROM SOWING (BEG,
FDNCTIUN TAMNTB={0e918e0)90lle916a7)0l(2e015a6)0(3a21546)0(40217e7)s
(5a2019¢6) 9 (6e918eb6)9(7e921a1)9(Ber1705)0(%etl7,C)s(106016a2)0

(11091807 )0(12e019a1)0(13¢21740)0(140a220e7)9(1520193}s
(16001701 9(17e915e8)19(1Re91702)9({19:420+0)0(20e22240)0
(21.'2102’!(220'22'3’!(23.'22'7)'(?4-'2“'5)‘(250’1907)'
(26091902)90(27¢918eB8)9(2R491%e¢0)0(2%9¢91G04)0(300024e8)
(310902303)9(32e92405)19(33692%02)0({30a92304)0(354026408)y
(360923e7)0(370924e6)9(3R0923e8)e(3940224610(40e922ab)s
(61002309 )0(620022e1)9(43002102)9(440a02Ce0)9(45001808)0
(46091909)90(4Te02106)0(68092202)0(694922:9)0(50e02bel)e
(5109023eb6)190(520022e5)9(534923e8)90(542823e¢0)0{55002541)0
(560025001 90(57e024e4)0(5801244B)0(59492524)9({60092602)0
(61692602)0{62092609)0(63402644)0({64a¢25:9)0{6509240%)0
(66692600 )9(67092406)0(68092445)0(65002501)9(70e82407)
(71002403 )0(T72e92363)3(73e02307)19({740922e4)9{75¢0¢2045%1)0
(76051905100 7T7e019e4)0(78e9200%)0(79¢223e0)9(80e023e6)0
(81e902206)9(82092242)0(83292107)0(842927e4)0(8B549240e4)0
(860923¢B)0(87+921eB)e(8Re92003)9(PGar1Geb)e(90enlTa2)s
(91les1640)

(X X2
e
sne
ses
ces
sse
XX}
(XX}
see
(XX}
LER ]
a0
sae
san
(XX}
e
san
LR 4

)
sae

sae
s
LX)
e
L)
sue
(XX}
(XX
e
e
see
XN

se0

DAILY MINIMUM TEMPERATURE AS FUNCTION OF DAYS FROM SOWING (DEG.)
FLNCTIHN UCTB=(15493000)s(1609300e)9(17a¢31Ce)9(1849250e)9(19¢9350a)rven

{20003200)9(210¢230a)13.022093800)9(23e92700)¢(26442000) 000+
(250'350.)'(26-'300-,0(27'l3200)'(280'310')'(790'390.)!.‘.
{300919Ce ) e{31a93800)9({32¢9550e)0{3349750e)2(34a97300)000s
(35e9047C0)9(3669240a)9(3709300e)9(384930C0e)9({3G29280a)}r0ae
(60--27C-)v(41.9250.)v(42-0210.)v(a3.1230-!v(aﬁ.vZBO.)'.-.
(45902900 )9(46093200)9(4709300e)0(48492200)9(4Ge0510a)00e,
(500978Ce}e(5109370e)0(52e9210¢)0(530025Ce)1{56004400)00es
(55696000 ) 0(56at410e)s(5709380e)}0{5R84020Ce)e{5940310u)000s
(600960Ce) 0{61¢9660e)9(6269500e)0(63a01000)9(HbovT400)reve
(650902900 ) 0(66e9300a)0(67094620e)0(EBer5R00)e(6909310e)v000

(700025Ce)9(71e43500)0{T7249360e)9(73e¢3000)¢(74e93700)000s
(75e9061Ce) 0 {764939Ce)e{770922Ce)}9({784¢22Ce)2{79:92400)v0s,
(80e#61Ce)0(81e9330s)e(87493800)9(P3,93500)9(8400310e)000e
(85e041Ce)9{86090320a)0(87e0400a)e(PRa16E3CH)

DAILY AVEREGE WIND SPEED AS A FUNCTION NF TIME (CM/SEC)
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(20e919e8)9(21e92001)0(22¢919e5)0(23002103)0(26092301)000,
{2509196)9(26091692)90(27091763)0(28a118e510(29092404)000s
1300027¢5)9(31092802)9(32092699)2(330027¢5)9(34092602)000s
(350927¢3)0(36092604)3(37492607)9(384024e5)9(39¢92302)0000
(50.’2".8)9(41.925-")'(‘02.026.2"(430’25."’|(640023o2)0c-.
(450902107 )9{46092005)9(47002200)9(4809240319(465a92405) 0400
(50092504)9(51092408)0(52092604)9(534902349)9(540925e7) 1000
(55092703)9(56692840)9(57092647)9(58e927¢7190(59092840)%0s4
(60092807)9(61092809)9(626929e0)0(630902706)2(6449260F)000e
(65092608)0(66092409)0(67092726)2{68002449)9(69e92760) 000
(70092501 )0(710922e8)0(72092507)9(730902665)98(76021%8)000e
(750015e5)0(76001707)0(77001807)90(7849022e0)0(79¢92601)v000
(80092669)0(810925¢7)9(82092402)0(83002306)0(840925e3)000s
(850027¢5)0(8601027e5)0(B7¢9259)9(BBe92546)

FUNCTION TSRTB=(0a94¢43)9(1Ce96042)19(20004043)90(30004a50)9(400vbab)t000
(50094072)9(6Ce04e83)9(70096097)19(B0495410)5(90005022) %004
(100e95¢35)90(110e95048)

* TIME OF SUNRISE AS A FUNCTION OF DAYS FROM SOwIAG(HOURS)

FUNCTION TSSTB={0ev166B8)9(100916098)0(200919¢02)19(300019e0)vens
(‘0.018097)'(500'18087)0(60-!18073)'(70.'18.55)'(80-’18.35)’ooo
(900018¢12)0(1004917088)9(110e918463)

* TIME OF SUNSET AS A FUNCTION OF DAYS FROM SOWING (HOURS)

FUNCTION SUNDTB=(02022¢42)9(106923025)0(200923¢42)9(300922¢88)0000

(400921068)9(500019087)0(600917052)0({700014068)9(800011047)0a0n

{90097¢95)9(100e14420)0(11009035)

SUN DECLINATICN AS A FUNCTION OF DAYS FROM SOWING (DEGREE)

e s ol o o ok o 03 o o oK o ool ol ool o Kok o ook o e o o ook o Mo o o R R K e

OUTPLT AND RUM CONTRCL SECTION OF THE MODEL

LR A I 2R 2K 3

FINISH DVSPL=le%

NCSORT

PRINT OAYSRIAVTACIUC+VDOIAVTL 9DAGPHTeLATeGSPPLT e TOMPLToTDWPLT 0000
TOEFLoTMRPLT e TGRPLToRSLPLTwTOWL e TEWSo TDWR e TDWP ¢ DWL 9 DWS e DHR ¥DWP o ee
AMDFL o AMDFS9AMDFRoAMDFPoNVSPLSETSR

OLTPUT DAYSRISAVTACSDAGPHTeL AR

OLTPUT GSPPLTTDWPLTeTDEFLTMRPLTeTGRPALT

PAGE GROUP

OUTPUT TDWLeTDWSyTOWRe TDHP

PAGE GRCUP

TIMER FINTIM=8le0sPROEL#2e0e0UTREL=1eCoPELT=0.059TINE=2040

METHOD RECT

END

TITLE SIMULATION OF SUNFLOWFR GROWTH DENSE (19711

INCON DWLI23e5290WSI®24319DhRIn0e67¢DWPTI=0,C

FUNCTION SPLTB={0s1Ce03)9{194904032)¢(314904035)0(394000029)00cs
(460900031)0(53ev0+029)9(60090eC27)9(67610e026)9(74e906022)0000
(81090e023)9(150s902021)

END

$T0P
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Dry Weight (g m?)

.0 1Qe=TONP 60040
0 'X1aTOWR 60040
oC XIS TONS 60040
oC Y40aTOML 60040
TIME TOKL 106
20.C0C 148421 1 1 1 1 lel2e3
21s00C 201912 c 1 I 1 I Le34R0
22400C 301336 [ 1 1 1 I 15519
23.¢0C 402036 [} 1 1 1 I 2e7168
244006 542956 [ 1 1 1 I 35122
2%eC0C 7e1348 c T 1 1 1 448555
264C0C 845677 [ 1 i 1 I beC4BE
27460C 110293 [ 1 1 1 I 7e58¢1
28400C 124524 c+ 1 i 1 I 942375,
29400C 134366 c* 1 1 t 1 10,089
304c0C 140436 1 I 1 I 11.157
31eC0C 184885 cs 1 I I I 15.010
324c0C 254C12 Ce 1 t 1 - I 204539
334c0C 31,771 X 1 1 I ‘8 I 26986
36400C 374109 €x = 1 1 1 e S T X T
3%.C0C 454938 Cx » 1 1 1 | I 414582
364C0C 524651 £x a4+ 1 1 1 I 49.221
37400C 51,195 Cox #4 I 1 1 U1 senes
38.C0C £90669 Cx 1 I 1 I 69,759
39.00C 1749¢0 cr . 1 1 1 I #0.917
404G0C 864855 Cax * 1 I 1 I 91,068
*1e00C 924402 c x ' 1 1 1 I 102491
42eC0C 994737 c x +* 1 I 1 1 115427
43+C0C 108e22 [ » + 1 I 1 1 125426
46480C 115608 c ¥ + o 1 1 1 1%247%
#8eCcC 123024 c x . * o 1 1 I 157.2%
464C0C 137423 € x R ] 1 I 177433
47s00C 151el0 [ x s 3 I 1 { 19C.%&
48.C0C 14719 c 41 1 I I 204491
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