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Modelling the three dimensional distribution of direct solar radiation in maize

canopy
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Abstract : The spatial distribution of solar radiation in a plant canopy influences eco-physiological functions and gives a measure
of the light-interception efficiency of stand architecture. A simulation model of the three dimensional (3D) distribution of direct
solar radiation in a real maize canopy was developed from precise measurements of 3D canopy structure. The plant organ
surfaces in a real canopy were subdivided into multiple facets based on 3D coordinate data obtained by digitizing in the field.
The model was based on geometrical optics assuming parallel rays of sunlight. A grid plane, S.,», was defined above the canopy
of the measured plot assuming one ray of sunlight for every grid square on S.,. The parallel projection of all the canopy facets
along the ray of sunlight onto S., was then calculated. The closest facet to each grid square on Sw, was found using a Z-buffer
algorithm to sort the facet distances by projection depth. Because one facet could be projected onto a number of grid squares,
the sunfleck intensity of every facet was defined as the ratio of its sunfleck grid number to its total projected grid number. The
direct solar radiation intercepted by every facet was obtained from the sunfleck intensity multiplied by the direct solar radiation
above canopy. From this model, the distribution of direct solar radiation in a maize canopy (i.e. sunfleck distribution) could be

computed for anytime of day. The simulation results were output to data files and as 3D images for more advanced analysis of
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the sunfleck distribution. A field experiment was carried out for model validation. The three dimensional distribution of PAR
(Photosynthetic Active Radiation) in a maize canopy was measured using an AccuPAR (Decagon Inc. USA) and a custom
machinery support system designed by us. The statistical results show that the simulated sunfleck ratios at different heights in
the canopy were consistent with measured PAR. This model is suitable for applying the facet dividing method to any kind of 3D
digitized plant stand.
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HTRES LAY TR RN =42 W oA RS B EABREN NS ERRRKHEZES MRS HEES, 25
HAEMTE. A TEVAYEEARKHEN =806 SRR, 5 BTSN EE 2 PR RE A Z-buffer BEREHF)
BHEE M- AETAEEET KT ERTRRLARE T, R BT FR7  AREWNERA LA TEALHYE
BERIRHE .

EXEHEEZUMERTE=EEHWEM L BT TETREM Z-buffer BEMEMN I MER,HRITTEREEAK
A H %4 (PAR,400~700nm) = 455 (8] 40 10 B ) 5 50 50 0 B R AT T 30AE
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1.1 HERE

1.1.1 REMENENF HERRGHMORY MIUE ARG S S NEENHFTEUERRIE, #PERLREARK
MR KERROEH#T, LRI EL, KEE T A THEEHE, EXAKET FHEELE HPRELENKRITEN
60 cm X 60 cm ¥ FLE F AL T M BRATEE g 30 cm X 60 cm, ¥ R EEALAT IR . FORIEF A 2002 4F 5 A 8 H,7E 2002 4F 8 § 7~9
B(RENWEREE M. B IOHTRFENZMEEN PAR % ,2002 4 8 B 12~15 B # 7K =S8 ENE . Xt EHE
B4 220 cn FRHD M 240 en CHE M B, MR MR EFRAKCE L WEHHEXEEKERERNESHE R HEL
RO XEFUBEE.

1.1.2 EWXBERE ARBGAEES KRR YR 350 X8, 6 55 578 B A 8 E KA 2k Kot X8, #5538,
(Measured plot). REFERM LW KB h . HELHLEEKR 12 G B X4 17), KB KN H (3X 60 cm) X (4X 60 cm) =
180cm X 240 cm; ¥ MLH B AL A% F K 20 Bk (5 B X4 7)), RIUK /AN R (5X 30 em) X (4X 60 em) =150cm X 240 cm, %t 3£ 35
I AHEBESEHRTZ RS RALRRE EREHTRBES S HERM EE.

1.1.3 EXER=HEHLHRRE FEE Polhemus 24 A By 3Space Fastrak = #E B F A OF B K 0. 08 cm) 58 R 7 A H Bk
ZHSERRRE. WEARN RS H B R0 % GE R G R BB B sh) fet bk Bt R 6 MR L&
MTHREE—FRABFLES ERBEW ETRAREANZAELOWE =225, UREEHERERAE=SS A+
MALE. EREEBNESHEAEIMR EWME. #T=8LRNEN SHREKRRA BN SRR, EABRR X W05
AHEKTE 4 —PLURAGRR., XERAAEFLAGR X MEENE,Y $im EAE.ZH#AFERE. FAELHERILA.



13 EHF F.EAEEARKMERES=ESEAS ML 9

1.1.4 EXRERAPAR MW E #8300t 18] (977 8 4T EKE 2 W PAR =4840 /9 B 58 . 0 2 2 2 1 S0 T 0 1B S 4T
f&] 60X 80 cm®, i 3% [ Decagon {X#§ /A Fl ) AccuPAR & /2 41 #7432 B ({88 8% Bi 3% BR7E 400~700 nm) . % & B KA 7] B ]
(KEASA#RL, BRI AENBEIETMN 12 M FE.BES BN 11.26.46.66.86,106,126.146,166. 186,206,226
em; AP EAH 5 ALE 4B FEAT B NG T A B ERAT VBEAR M EKRAT 15.30.45 cm FING I F M E K47 FI A AccuPAR IR
L mATHEET AW ERIEE FE 1L PAR LB @ B %K (PPFD), % # £ 3t 80 NMRL (AR 1 cm), BT L84 AccuPAR
BEME LW 80 NMEKE, BN — e R XS WE FE LA 5X80=400 /N8 & , Rt F IS8 L1-190SA 3k #4756
B 4h PPFD IR E .

&0 & ¥ PPFD 558 T PPFD M L f % PAR B b%, H ARG EHER—KFENELLES BN ML, FULEE
— MR EBERERAAROUBTANEAR., S NRETE LGSR EORAE AR G BB RS 10001
HEHRNEREE LR,
1.2 BRESL

FIASAMEREGBEN AT HLE BEFEXANSRBEEEZN=ZEFH/PN=/AK, XEN=ZABHRFRE
R/ T DU A4 S ARk A5 R B A GUR B IT , R RN E TT (Facet) , 4582 K Pl B B4R ST B0 = 4 Ar R 3R
S AR K B BB R 2 X BN T 94 o ZE WINDOWS #8485 & BRI Visual C4 + 5L B 4%, 7 18 A OpenGL
B B L B = 4 T AL .
1.2.1 YEEASHEETHAE FA70 A ECR 40, & 58 B E S8 & kR AR ET R EER B
BEATRIE, R —E R4 R EH oK 0 7 B R 4 BB A R A &8 TR R B (R BU K BE /N TRl TR0 4y RBDD AR5 ot 2
ERIF IR R Bk 2 B B HL T 0 B SR 4R BUHE o A B R — e B X BN — 1T, B RA UMK AP OREL PR E.
BEMNSREXEESTEAFBL BN ETHM>R—NDEE. TRETERBFSH LT ARBRZBERT 120
/N (RG] BE B HETE R = A8 ) s X &N/ 0 T 4 I e 4 (R 1 % R AR 4y OB AN = AT L X BN = ATE MR R A 1
R EI (B 1a),

HEAT HER /N I R 43 B (BIR M el T X BB — R b

AR BETEBEEN L. TRBERLTN B M E R LT

AoRE/MEEMERDNSRE TR, EHLRE ERTHBEER
4,3 BRI /N ST (B 1b)

HTEMPNETR A2 EERNEERRAROHES,
HEANEEED, BRI IMERERBGEENDEE LT
JE #y (B8 JR) 32 e — s B B ) 43 /N IR B, BT o R /0 I 9 2 R
ERUNEATE s 84/ BT XA LR 4 B/ = AT (8 1),
B R 2R R /NE ST,

b T8 T8 7 B4 R 43 05 Bk A + K S0 R B A b T e B OR R @ ® © @
B R BN, BT AL G M=/ (B 1d), 1 B B
EEBREENGATE SRE—RADREZ KR ELHE plie ina muas;red plot in :: Projected Z—buffer model o
TERBEAALEARMBEGHE, (a) M 9 —#B5) a segment of leaf blade, (b) #fian ear, (c) Ea
122 AXWRHRFABUTE LMARGETKFT - Grpmmm he ground plane within the measured plot
AERKNEREEL. N TERAERZEE LS HEB, BEZ—
BV AL EE, BRI AR =4 AGRR A B R TR UGBV NEEFENITE R, AP RBUE S EW . 2L
HE 3L 2 10 o 5 01 35 B S B R« B S R S B LA R R S IR (R R IR BT R A O #EAT B BOK R
FHEHXERE—REH I -NEHED, FURFEFRE MHF 4B EWME 8 FoopRilERE (8 2, EHEARE
S0 358, P R A R R /N T T RO X B AR MR R, R4 T T B K F A AR B B R I R
1.2.3 BEMEINEE FEFEBREAXRLEAZTRESMETHZHIRE, EEETRE— B Fm, BAHEEML
TEBRAHEALR. $EEZN/DMETHERARETAEZFERE, - NETSHBALE B ROEREE E5F—%
RERBRHEN/NETPEBKE@EE PR BGENEITAY KHEZERMNEREC, REECUAAE. FATEILEE
2R Z-buffer MEHEFHAHBEEY  HABAREH ER DAL RELENES RAIREERE) N ZERHEF . RE
WRHERR/DMYEITHARREIC. B RN H/MNETHEREM Z-buffer 5, BT AR B K E Z-buffer
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Seoito B3 T 3R 1 25 [BITE AR T A A Seon R B9 K T R, oG BB
TR IEH Yo S BT B B E B T IE K Seon (L 3) .

() BXBETE HERFHE SoBHNEY V@, REH
BSR4 (G FE D) AL, KR XA T S, 1Y
BN EH—FRKAXRBHEHAER NI KARLRH
FRER, FEARMELERE. MENSEBEE, K5 XEL
KEHRFERK FERNHERERBE. N TETERME
BOETBPVE /MR EREEN A EDREH AR,
BEFPRE LA/ NETHEE S MREEE.
struct XY Struct

{

int N //8E BN LR/ ETHRA

int WhichFacet[MazPerPizel]; //#% B %M L8
AN TG AR

double Y[ MaxPerPizel]; //B B %M L K8/
WX BREEE K YT Z-butfer PEy Z )

} XYStr[XNumPizel ][ ZNumPizells //$ ¥ L HH
o0 3% 4 3

G REXEFETENMGTRE BRELGNBEES
BE A B LTS K B B R AT R AT xR MBS/ G
T RERES W B Sop b B FATREITEE, M /NEIT 3 1
MAZ—B&E . BEEHINTAERZTFE LAR—HH
=R,

BE—DPETHEANTE LR () y, 20, MEE S, FHE
EHRE R R -

Yoo — 3) * cos(SunAzimuth)

pX =z + tan(SunH) .
1
_ Yoo — ¥) ¢ sin(SunAzimuth)
pZ =7+ tan(SunH)

KA. pX pZ Jg X Z T5 K S BRAE 3 SunE ) K T 5 5 5
SunAzimuth R K HGLA . KEFAALLIERE S 07, 7 A IE,
ARA .

(4) Hr& ETRFTE R RBIT R mon e E
FEEFENBE=ZARNT MR, RO LT EY
VR TR 5 B X L P ) XY Ser 5H .

B2 @8 EHBALINRMRMENTELEE CHEHE;
M 3L

Fig. 2 A virtual plot composed of 8 copied plots (C) and the
measured plot (M)

AP

Sunshine

S
Copied plot

3 EXTERKEES KA GBRE-Zbuffer HERER
Fig.3 The parallel rays of sunlight principle used in the Projected-
Z-buffer model of 3D direct solar radiation distribution

Bt QPRBF—ITREMM,EPE SoBE, % QEMM
BRE,Q A%HE;A F ATTRY, Bl Sopf R, FFUBTFH.A
FHEB Y THUEIMR LS ARMCETTBAUELKETH
# % Facet P and Q belong to the same grid square in Sip; P is
shaded because it is below Q; So Q is the sunfleck to receive direct
sunlight; Facet A is projected outside of Sip and is replaced by
virtual facet B of the corresponding position in a copied plot as A in

the measured plot

HITREH AN FRBITNREHEN=EBYUERE 2, MREARDITENE-BTHRE=ATBENL THRY
T Seop B8 PR 156 B0 122 T 7 VA5 5 H K B 680 i 1 065 o S 0 3, O 65 JEL BT 4 25 M) L5 S T /S A ) U e 80 R AL B T 8 (X
K 2Dk Soo Rl 2 PR SEREER R BB N KE LT So LHBENBF S L FREEBH SoEENEITAREBEEE Sow

75 Bl P R L R RS N R A R T T B (N 3 PR B ER AD.
dX = mod((pX — Xpi) *

FWMTAKE.

D,y (Xuax — XMin) + D)
(2)

dZ = mod((pZ — Zyn) * Dy (Zrtey — Zyin) * Do)
KNP, dX dZ 53 B N E L F @K P F S Do D, RBE VR 53 B B0 Xvton s Zven T Xivin« Zoain 0 B F T L 9 BER AN

BT AH 2T S P TA K AR A
RR i E & DETEREFEHNERER Yd:

Yd =Y — y

(3
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A, Yd RAELER Y P EGESy AAAETHPLRE Yo A BB TESE . HYTERSE.

G) EREFEME EEIEEET HIBRALKITE UYL SETHRYEE——XTB . Yd 8/ B 5 E B
N BT RA Y /I TH T BE K B YRR B0 1 B St B L TR KT T TR ROR BE (B 3D BNV BB P L #/NFA AT 3 MBS
BE R L RAF 1ADETT, WA R EE S /NE TT_E i — AR A G B D E TR B PR XA R A, B
BELBUABEEERAETCHAEREREXPASEERELE RENE LA 2 MR 2 L EM/ME T, WX T X84
BT Yd BEAT /N KHEFF Y 5/ B T ST 18 0 — A b 3 RS 380 308 /DN TG 28 o/ P AR AL TE R A R

HA/NE TG R R TENE I B HOL B R S5 /D S AT B S 6 S PR S Lo BR M OB IR . RRESR ALK, 1 B
T T AL BERIA LB K, SE 4L FRBE T E T BERE R 1, B4 FHE T WETHEERE N 0. Z 0k, T LIHI W b 45
YRERENNETRAERERAE ERDETHEEEE, TURBAEENAREMRE R,

(6) BMHRMEMHFAITE K- REHESEHNREE SRR T AR, LUK T A3 8 TG L E5HE S &
B BU#ATH 8T IE «

Qur = FD, + Q, + cosd 4)
A Qu N T LM ESEEE; FD, HILXETTHEHRE; 0 AETHRA S KHEAK TR KMA;Q N5 RKHARE
HIPHE L ESGRE.
2 #R5HR
2.1 BUER

8% Z-buffer AT PIHE B ER B CREM BB ENE EKAEM M E/A 4, GEFAEKRSERBRT L
(BEEREVE DHAESHAEI 6, AXAHLNEGHHAMER. XERHAERE ETHAR. HERELLZ
Fm AU EMERERGS METI AL TRERS B EENE. THASDERERG R HETRERES, AR
FBERT AR ES LMY BEUERB A ZEERE O, KA LTI, T RS M AT RALE, I R R
BEMEBEGETERZEAME EERARCRESHE L WBR T R T KA 4 FUR SRR AL 12 REK/DET SR
BEH 2 coo, I S FT LA B R0 L O 8 4 WL 58 O TR) 1 LS IR 19 B B B DR BE A T A 0L
2.2 PAR EEEMNEEXEREANEEZLIT

FE5E 2 R E — R SR R B BE KK P T 7 LABEHEL, S A7 X 2 P T B OB R B B SRR T R R B BE R B A LR,
HEBERFEERE LEWEROX WHTEUBCREE  WE 4 FARFHE LR GE—REFE LEEARS 85T SHH
Wi, RBOCBRE R B )08, TUFR B ENERESXUER—FCER T T HOCHRMBMR, AR EH MRS, LHEEA
FEELBENERZEFTHRAREEA MK, LAERTHARERS. FEERERPTHRERELEAEEADME.
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3 Sunfleck rate (%)

B4 AREEEHEOSD 5% AT EDS2) EXREREAA B E T E EEFERMNE (B RE ARSI R RD
Fig. 4 The sunfleck rate at different heights in a lower density(DS1)and a regular density (DS2)canopy at different times. The time for

simulation is the same as for measurement at every height
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ERBRS NSRS R AN SFEERF PAREH 0
T FE P9 9 4 800 cm?(60 cm X 80 cm) & b, WAL S HEH 15 L1
em? (15 em X 1 em), 3k 320 AR B A MAARHE SWRIB AR or FR2 = 0.810FR1 + 4.10
2cm?(2 cmX 2 cm/2,/NE TG EIAE R 2 em), F£ 4 2 400 4/ @ 60f R=0.96(n=74)
HTt. BERTHMEBERN, TR L 3 6 B3 % 8 . BT L g wl
SPBMA LR RBER S EEZE KRBT, T
EEREERRHEEREDINAE, AN EE 4 f0E 5 PR 20 (
{5 ML R RS 5 . L
PR S R0 2 2 R LR S IR 2 A — S B CR e O
ERYUAKAARZFINBREBHETMER AN,  IHERE T
BB BEMBWITEERNRE. B5 TRMARBEFERDSERAEERFROWRER

AR EIRE, WERA PAR MEM =% 450 2 Fig. 5 The relationship between measured (FR1)and simulated
e (3t 7d) , IS8 4E (3 AccuPAR B 105 & 7 B & R By %t sunfleck rate (FR2)
E KRB AR AR RAF A BIE RN HRREE TR 0
AccuPAR JUE I B)IR 25, 84 7 R W LI SHBEE R LB RMR.
3 &HiE

AR RFEYEENRKHEEREN WS AR LR TN ER B RE, I BEAR BhRE i RN T
BHNE, REA TH-MAY N =48R S WEEE, BT USRS T WRETR S, R )5 H AR R BT B 6% 5
Ciif: R 2

ETF=HEHHTRE NS FEEN ZEWES RN EHEWBRBRAFRBOKRBN. LR BHEDEEAGH
SR E AR LB R Gk, B B BAE R B — A R A (B PR DL E Pk Y 2R SRR R T O R, R BB AT 3R
P, R ZAMEBRE RGBT URM SR E AR AR YR RN =S AR LARFRNERTFE.

DR SR P K P54 5 ) = BV BT LA Sk % R LY R R Y BB 43 A AL AR AT SR S TR K B L D MR A T R LR
WA RB RSN RARITREE B OB R AT U S BT ENWERELRES S AEERAREN TR ERE Y
FISE SR GRS B A A K BRI AL AR SRR MR BT REEEHEAT,
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PEIRR T 2002 4% 8 A 8 H IEAFBT K PHESHEIE AR Tk E B M & 106cm, 206em & EkEEAH A+
RIS RER, i LREXBOLMR
Plate I 3D visualization of simulated sunfleck distribution on the ground and at 106 cm and 206 cm high planes
in a lower density maize canopy at noon, Aug. 8, 2002; Black areas on leaves are shadows
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PR T 2002 4% 8 A 8 H 7~ R A1 K FH AL SEAE R B KR B A 150 om 8 BEA T R LA B K b4y Ao
BIERER, W EREHHR

Plate Il 3D visualization of simulated sunfleck distributions above the 150 cm high plane in a lower density maize
canopy at different times of day on Aug. 8, 2002; Black areas on leaves are shadows



