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ST AN ER B B B /N 2R H P R B 2 S 6
B, AAEET 2 MBI B E FOKR T . I
TR 4 NFEEAF, ET PR LA FEP K
I A2 B AR AL B A AR OR, LA R IR E
VI B RN, BE AR AL AT 5 LR
1 #ERESAEZE
1.1 BERBkiR

IEHUR M AL S G TE 2005 —2018 B /N i
Ko LR R A ) B KA & DU Bt . %k RN
B4, 0~50 cm P HIERE 1.46 glem’, HARFKE

192%, JHZFEBE 4.0%, AHR 127 gkg, HAKA
111.3 gkg, M 45.8 g/kg, BN 129.0 gkg. HTHE
3l AN [R) AR B K b AN — 35, I B o b R e
Xof LEAH [ I 261 B — R R 22 B TFOK AR AR,
FEt, JIAMEE T SRFEMEZ X AR 2012—2013
IR B T K B P 43 SR o BORE SR S 1R 38 /N IR iR
Bals, Bk 4 Auba, FORMAAEMINGE R RR 1. B
TRV E SRR ERHEMY N5 H 25 H, &R
9 H 28 Ho Bk, Suitsr i S8 i BN R
5H 21 H—9 H 30 Ho ik I E FoK 24 F AR M .
B R TFAEFI R 5 AN CEET

Fz 1 uhs. EYEM BT
Table 1 Information on study sites, crop varieties and sowing dates
Sl g5 ZE A s IR b gLt
Sites Longitude Latitude Elevation/m Variety Sowing date
FEJ1 Zhengzhou 113°39'E  34°43'N 110 K 264 IR 958, VR 20 05-29—06-09 (2005—2018)
#3 P Nanyang 112°35E  33°02'N 181 R 20 06-03,06-13,06-23 (2012 ,05-27,06-06,06-15 (2013
#i2 X< Huangfanqu farm  114°24'E 33°45'N 51 RHL 20 06-02,06-12,06-22 (2012) ,06-02,06-12,06-22 (2013)
3% Huojia 113°40E  35°16'N 78 R 20 05-25,06-04,06-13 (2012) ,05-29,06-06,06-15 (2013

1.2 HUBRIEFE
1.2.1 #AmHE7iE
I3 I FH 2R AR AL Logistic #7425 Wang-Engel
(WE) AP E YA K R R B . 24
RIEARTIRANEE (6, C) SmTREEE (e, T
W, REEZFNO0: M T BIEERE (T T, KB
A 0 B 1 LRI (ZRMERAYD) BRI (WE
HIRFN Logistic #81) 3 M Top Bl Ty KA HEL D
Lkt N, % CHR28], TAR =R AIRE 7,-8.0 C,
Topi=30 C, T.=40 C.
=R (1)~ (3) Fiw:
1) Rl
f(T)=0 T<TkT >T,
f)=T-THIT,, -T,) T,<T<T, (D
J) =Ty -DIT-T,,) T, ST<Ty

opt
2) WE 728

f(T)=0
_2AT-T)" (T,
S = T,
In2

o=
In((Ty =) /T, = T))

T<T,skT>T,
-L)" -(T-L)™
-1

T,<T<T,

(2

o AVEPIRHIR L IR SR 2R 8, =2 R E

3) Logistic A"

f(T)=0 T <TkT > T,

{ﬂﬂzumﬁ“% T,<T<T,
X (D ~3 B F1 AN H B KNP KA R F #
Ry T N H DK BN K H P2 SR BOE /N
S, Cs oa F1 b 2 MRIEASTE € 1) =2 fURES
H, 2 L<T<T,, I a=0.34 1 b=7.30; 4 T, <T<Ty
B a=-36.76 1 b=—0.92. RHEER 24 I JE IR H

(3)

ARPEME R R H PSR

MRAE LA B b, BT H P35 0 H 5K ot
(DTU, C-d) FIEET-3Z /N AR TS R #ns (¥ H P31
TERN/N KA (HTU, C-d) A

DTU=(Top—Tv)AT) (4
24
HTU = (T, -T,)- f(T)))/ 24 (5)
i=1
1.2.2 BRFR&IK

ToRJR A HEAEY), B =TT el Be iR B A R
TR ER LA, HRWREMMERL —. SHHAH
HECI AR, RHWT HAC R0 R B - AL
BRI #EATIZE H AT 1.

f(D) — e(’G(DL =Dy)) (6)

Arb G M MEOEES L, BUE 0.005; DL NZEHHK,
h; Dy A HAS, HUA 12.5 he
1.2.3 A7 HMELE Ty E

RN, . SO JFER I
HiE#oy 0 QBT HERFRR L, 12 331 HHF N
365) , ARJE AR R AR B IR H 7SR P 35945 2 2 451 34
Hrh R MEE R 14 a B, HAR 3 uiG IR 2a3 1%
AR E1E
1.2.4 0ok

R RZRE (C) MRZE (Ry RBEAIFEI A K
I EBR AR E . TR % (Root-mean-square
Error, RMSE) . #3#EAL )77 RZ % (Normalized RMSE,
NRMSE) FPF4E%1%% (Mean Absolute Error, MAE) [
VRO A B IR 5 W 2 18] B 22 ¢

F SPSS 17.0 HEAT HLIM 2277 22 40 M, ik 35 MEAS 36K
/N E % (Least Significant Different, LSD) , FH
Microsoft Excel 2010 /£ .
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2 HZRES

2.1 BEEREEEFHAR LR
2.1.1 AT MR SRR S B F KA iR
DLER M3 95, FEF H T3 SR AE N <R 43 51
K =R H 25 KA AN S K . AN
HP3 <SS, RO B A R =i A 2 Fo
WKHBRZES (B 1D .
FHET 1 AT, =P o B H PR AR 3 KT/

BRI . H AP K SN KR 22 576 H TS
5 30 CHimi NS, =& ZIAM B KEMES N
9.7 °C-d (£&M:) « 9.1 ‘C-d (Logistic) f17.4 ‘C-d (WE) .
X H DK I 5 /N 25 K i AT A e iR B, SR A
WE ARG RN E) 2 FhEt #H2C 5%k =0.963, RMSE
N 1.42 °C-d; 1M} Logistic FNZE AR 1) 2 Fi AR AH 2C R 2L
439974 0.903 £10.859, RMSE #(°4 2.03 ‘C-d. A )., WE
PR ) H B KA 5 /N5 K I oA 3

/i 35K Hourly time step thermal units — +H 35 (K #405 Daily time step thermal units

25 25
525 = =
o O O
% 2 T\,,’ 20 T\,,’ 20
ERE g1 g1
£ 10 £10 £ 10
s £ E
Eosp. ES E 3
# ) ®
10 15 20 25 30 35 40 10 15 20 25 30 35 40 10 15 20 25 30 35 40
H ¥} Daily mean air temperature/C H V1)< Daily mean air temperature/C H ¥ #4)< i Daily mean air temperature/°’C
a. ZRPERA b. Logistic f#4! c. WE 4!
a. Line model b. Logistic model c. WE model
B 1 FRM b KA B KRR E B AT AL
Fig.1 Comparisons of daily thermal units calculated on hourly time step and daily time step of air temperature in Zhengzhou
2.1.2 A E P RA S B RA EFHH I AFTE HAR AL, 21:00—09:00 AU/ T BO@ IR EE, AH XY

NE— B o NI B KRN 5 B KN 22 R 1
AT A L E SR, K HAFRAR L 5 COIRIRg EAT
XA 73, Gt B R OK AR A H - 35 R AR % X TR HY
BUPRA,  [RI SRR S Y H PR N 2D
KA ZE R AARHE R TFEE (R2) .

2 FBMuE BB RAREFNE SRR ER SR IR
Table 2 Comparison of daily time step thermal units and hourly
time step thermal units in different daily mean temperature ranges

in Zhengzhou
EREZRT e AT

Daily mean air Freq; ency/% Difference of thermal unit /('C-d)
temperature/'C 28 1% Linear  Logistic WE

10~15 0.5 <0.1 0.3 0.1

>15~20 6.0 <0.1 0.4 0.1
>20~25 29.5 0.1 1.2 0.4

>25~30 50.1 1.5 1.1 1.1
>30 13.9 29 3.6 22

2005—2018 FEHEBM A Gk IR uh B FOK KA
H V500 12.6~343 C. WK 2 ATLUEH, 1T 80%M)
HF- 5 SR A fE 20.0~30.0 ‘C2 A, FeT =FhfE A5k
30 H P K 5N DK AR 2 R R4 E 0~
1.5 °C-do £ H PR <20.0 CHZFHE N, FT
SRR E M ERALE 1.0 Cd. HHFHR
B>30 C, HIPKME S5/ND K ZEE R, BT 3
TR A SR A5 H 25 KA LN 25 K T 2.2~
3.6 C-d, HBUIE 13.9 %,

DL WE B8 45 5o, k8 HAP KI5 /)2
Kt 2 Z i RN 2 NI H I, SR H B
KA 5N DK ZE R R (B 2) o SRR
(D~ Q) WHEMENEKEER. B 2a HFHWSERN
30.9 C, HEE IR AN 40.0 °C, HEBIKSERN22.0C,
X R B HFEN 0.99, HIE KM N 21.8 Cde HHTA

KA HEFLE 0.68~1.00 2 [7]; 10:00—20:00 Z /NI A
FHROERE, H 12:00—18:00 /M IR EFEELE 35 C LA
b, R A R R, AR K B IEERAE 0~0.54 2
B o 1% H /N RS BAUE N 347.4 °Coh, /NSRRI
145 C-d, LH©BKHE 74 Cdo B 2b HTPHRIE
251 °C, Him/ <N 29.9 C, HEIK IR N 24.1 C,
X R BHZEN 0.86, HIEKHMINHN 19.0 Cd; £KRIFE
ZINBST B A T iR R R R G MR FE 2 1R, AN R B AR
AT 0.80~0.93 Z [H], /INiFHAET RARE A 436.0 'C-h, /)
RPN 18.9 C-d, XL H KR > 0.1 *C-d.
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Fig.2 Comparisons of daily time step thermal units and hourly
time step thermal units in typical dates
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ik, A HTE R RGIR LML, SRR F i
B 1, HAPKANEE 22,0 'C-d; B TURAAE HAR 1L,
NN R RBOEHR S IS, TR R TR TN/
A AT RIEIRE FIAERER (21.6%) , FEARN K F#E
FRFE, AT AR TN B 1724 H T
AR S o 2 7], HIZ/NR Rt 2 b Ti%
XTI, 24 H KR e B3 3/ N R R B TR 0

R H AP A SRR INIS 3P BT 2 T8) 22 S 3N o
2.2 BEERREEEFHRE
2.2.1 A ERIRRILEH B iR

P T 40 3t A2 22 A R 1 A 7 O 25 i R B
REEAFZ XA 3 WEHIE TR AR, A b
BRI 32 0 A [R) 20 A FA S R 52, AT 50T 5408 S A B B ik

TRE, At 3w T A IR (R 3) .

£3 TRIAZEMER/NEFE SRR LR

Table 3 Comparison of daily time step thermal units and hourly time step thermal units in different growing phases

REHBL

FBIH ¥, Zhengzhou

HAth3il Other sites

Developmental Stati ?fﬁiﬂf‘éﬁ
stages tatistical indicators DTU, HTU, DTU, HTU, DTU, HTU, DTU, HTU, DTU, HTU; DTU, HTU,
SERh- YIMH Mean value/('C-d)  117.1 1043 1303 1167 1256 1153 1152  102.6 1294 1149 1244  113.7
Sowing to Cyl% 21.9 173 19.6 17.9 213 193 222 25.1 24.6 248 23.0 235
emergence R,/('C-d) 78.2 55.8 97.1 74.6 100.8 82.6 1154 123.6 1495 1362 1297  125.8
I YIME Mean value/('C-d)  519.7 4627 5712 5185 5626 5212 5675 501.1 6189 5640  608.3  565.3
Emergence to Crl% 10.7 12.2 11.6 13.1 10.8 113 13.4 11.8 13.7 125 133 119
jointing R/('C-d) 1949 1961 2292 2267 2139 2083 3168 273.6 3557 3202 3394  303.9
AT PIME Mean value/('C-d) 4260 3943 4683 4404  463.8 4422  401.3 3603 4335 4017 4312 4078
Jointing to Cil% 8.7 9.7 9.0 9.9 9.1 9.5 10.9 103 11.1 109 10.6 10.2
flowering R,/('C-d) 1140 953 1185 1142 1357 1202 1820 1588 2056 1881  193.0  180.0
FEIE R Y1 Mean value/('C-d) ~ 796.4  757.8 8967 8455  861.6 8257 7814  737.8  891.9 8212  847.8  805.9
Flowering to Cyl% 145 13.4 14.0 13.0 15.0 14.4 10.1 8.6 8.8 9.0 107 10.1
maturity R,/('C-d) 378.7 3437  413.8  368.6 4302 4056 2549 2073 2559 2543 3169  276.0
L Y18 Mean value/('C-d)  1859.2 1719.1 2066.5 1921.1 2013.6 19044 18654 1701.8 2073.7 1901.8 2011.7 1892.7
Whole growth Cyl% 14.0 13.2 13.6 13.5 14.1 13.6 14.2 14.0 14.6 143 144 139
period R/('C-d) 191.5 1727 2147 1960 2202 2042 2173 190.8 2417 2247 2448 2214

: HTU,. HTU Fl HTU, 53R~k Logistic f1 WE BB /NS K HEF, DTU DTU Rl DTU,, MR R H B KB, FFE .
Note: HTU;, HTU, and HTU,, are hourly thermal-units of line model, Logistic model and WE model, respectively, DTU;, DTU; and DTU,, are daily thermal-units of line

model, Logistic model and WE model, respectively, the same as below.

FET AN AR ML R ARG v 2005 —2018 5 F K H ]
WA ARG E . 3R5% BRIz X A% 2012—2013 515
WHEFIAEE VIR, g R . . T
RSB H DA A RN DR, FHETh S P IMA
WS RBORINGZE . 3R 3 OIS AN 14 a Py, 1)
7279 2005—2018 4F r i KAE A e/ IME 2 (Al 22 7, HiAth
S AN 2 e AH R AR B SR AR 3 Ak a5 2 a 3 AN E ISP
B

M 3 TR LLEH, R ERBEARS 1) s fE7E
ZESE o To A M AL H A s, B ROK & BeR A
Logistic ARG HI AT 5K TR H WE BERIF 14
I, TR R AR T 5 1 B )

H I 5 4 A2 B B/ 20 K BT R ARAE LG H AP K At
i/ 109.2 ‘C-d (WE) ~145.4 ‘C-d (Logistic) , &4 &
WZF AN 1022 d, FHEEHmD 1°C-do. HAhsh
24 F W iR K Bt BRARE B H 2P K B e D
119.0 C-d (WE) ~171.9 C-d (Logistic) , 44 &M

¥MER102.5d, “F&EHMWD 1.2~1.7 C-d.

SR 4 KB MBS R R BN 225k, A
PNl R At sty 3 Al P AR R B G C) AR ZE R A /N
B A N T H DRI, /NI DR T AR 22 1 P
i EE H 2B KBk 20.0°C-d, Cy FFE 0.4 DMED S, X
VBN S5 KA B R MR F U T HOB KA. %
GYMTFEEH, R ik R0 L Ath st e B AR T BA RN T AL AR,
LRPEBAN Logistic B2 (1) H DK Hu 22 & T/ P K
P (P<0.05) , AR Logistic AR H 5K A
Fm T/ KA (P<<0.05) , 1 WE #RIZE & A KBy
B H DK AART S5/ DK T B % R (P>0.05)
2.2.2 EERAFIEMBOR LR

Mgt 3 ANE TR SRR - R K
T FFAE- R H 25K A RN 5K A BAE
(R 4, FLLCAZH, DASEBRREF H EA A3 S
GHIA, 4 BRI A B3 K BB BT AR R AR,
MRAAE KN Z R B M B

x4 BKITERMARERMME LB ERHE

Table 4 Thermal units of different maize varieties in different stages based on day length function

Cd
il ﬁﬁ“-&%ﬁ HH-1R 11 ' ‘ fo‘ T-FFAE ‘ aﬁzﬁz;n _
Varieties Sowing to emergence Emergence to jointing Jointing to flowering Flowering to maturity
DTU HTU DTU HTU DTU HTU DTU HTU
F 2 958 ZD958 113.8 104.3 570.7 517.4 444.4 4242 757.5 728.3
VR 20 XD20 125.1 112.0 571.5 520.2 428.9 397.0 882.4 830.9
HE 26 XY26 153.3 138.7 596.6 523.0 4473 429.6 738.9 706.0
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MRYEA E BRRBEME A, Bt 5 3 FhiR
RSP FR bR (R 5) o R AL 3 {E BT~ 518 2
UHFERREF M. MWHRRTRLEH, Tl 2 A uiE 2
HoAhsh, WREBEAHFER, BT H PR AR AN DK
R AR IS AR L, PRI R — A4 F
AR P 3B A ZZ 3N 1 de FMH RN 2R, 3%
A ARG 4 MBI TME, SRER
FET/NSE KU ) RMSE. NRMSE #1 MAE 43514
4.3d. 1.98%F1 3.5 d, 2T H DK IS B0 R 48 bR 7370 A
4.3d. 2.01%F1 3.6 d. i Enl5l, 5HDKMEFLL, /N
P KA BARE — B RS i 1A B ROKAE & BRI

PREEE, AREREZEEEER (S1d .

M FENE A, & 4 NMET IR
B, A 3 MNMRERAL Z Al 2 5%, W&l RMSE
RN 3.7d (WE) . 3.9d (Logistic) F15.1d (ki) |
X} 2] NRMSE 73 5N 1.66%. 1.77%F1 2.50%. i
H 25 K SR 2 /N 5K T, AEAUORS FE Bk 3R B
N WE s~ Logistic HiR. ZRPERIA AR

AR B B BRI AR 2 R A5 40 13 22 5 B
KB BRI, R#H RMSE. NRMSE 1 MAE 1
HORTFAEIA . TR M, XAl a5 AR E AR,
REMEA XK.

x5 BEEXREBHERIULR

Table 5 Comparison of simulating different developmental stages of summer maize

EEM gritats FBIH %, Zhengzhou HAthuh Other sites
Developmental Statistical
stages indicators DTU, HTU, DTU, HTU, DTU, HTU, DTU, HTU, DTU, HTU, DTU,  HTU,
L5 48/d 159.6 166.2
(eSS O] 161.4 161.4 160.5 160.6  160.8  160.6 167.2 1673 1663  166.6 166.7 166.6
HiH RMSE/d 2.1 1.9 1.4 1.4 1.6 1.4 1.8 1.9 1.6 1.6 1.5 1.6
Emergence
NRMSE/% 132 1.22 0.89 0.85 1.00 0.85 1.08 1.13 0.94 0.98 0.89 0.99
MAE/d 1.9 1.8 1.1 1.1 13 1.1 1.4 1.6 1.0 1.1 12 12
L5 48/d 187.0 195.6
T H18/d 191.5 192.1 188.2 188.3 188.9 1883 197.1 1979 1938 1939 194.7 194.0
it RMSE/d 53 6.1 3.4 3.8 3.5 33 43 42 47 4.1 42 3.9
Jointing
NRMSE/% 2.85 3.25 1.80 2.03 1.85 1.79 221 2.15 239 2.08 217 2.00
MAE/d 45 5.1 2.6 3.0 2.6 2.6 35 34 3.8 33 3.4 3.1
ML 48/d 209.3 215.9
BIT#ME/d 2146 215.4 209.2 2094  210.1  209.0  219.1 2206 2142 2142 214.9 213.9
IFHE RMSE/d 59 6.8 29 33 25 2.4 6.1 6.4 5.7 5.1 5.1 4.6
Flowering
NRMSE/% 2.81 3.23 1.37 1.58 1.20 1.16 2.80 2.95 2.62 235 235 2.12
MAE/d 53 6.1 25 2.6 2.1 1.9 49 53 47 42 42 3.7
L5 48/d 255.2 262.4
BITME/d 2626 263.8 250.7 250.7 2537 2517 261.8 260.8 2579  259.1 260.4 259.4
-
R RMSE/d 8.4 9.4 5.7 5.9 44 52 7.4 9.2 7.0 6.0 55 5.6
Maturity
NRMSE/% 327 3.68 225 230 1.73 2.03 2.82 3.50 2.67 2.28 2.09 2.12
MAE/d 74 8.6 49 5.2 3.5 4.1 6.2 8.4 55 49 4.6 47

¥E: RMSE N7 ii%%, NRMSE AV TIREZE, MAE A T4 RE. TR

Note: RMSE, root mean square error, NRMSE, normalized RMSE, MAE, mean absolute error. Same as below.

2.2.3 B ERAF I RAEMECR R

EAEE IR B E, B 3 ANRE
FEA AR 2 Fh AR T 200 AR B AR KA R (3R 6).
BEAKEM- . HE-50 . - HER -k
B I KA 5 2 I E 2 0N 6.6.27.4.22.3 Fl145.9d,
1M 3 AN BAFR S Fp-F- 3548 7 518 6.4.29.4.20.3 Fl1 46.4 d,
CHEZMAEBTRNKRERERAKT 2d, RIS
HARUEAE N KHZEA K.

54 B IR A5 SRR, TEM RN, 2
TS X [E]— R B N BB B b e, —F 2 {H A
R EAET 2 do FAHFFEE AT A AR 4 MRE
WAL IME, 85 B RE TN K I RFES
¥/ RMSE.NRMSE Hl MAE 73 % 3.4 d.15.5%#1 2.7 d,

X RN AP KA I FEAR 2 R 3.4 d 15.6%F112.8 d. 5
H DA ST B EE , /N DK A NRMSE F1 MAE
3 0.1 ANE AP A1 0.1 do F AT WL /INIRE 5K AR X6
P v H RO A K AL B R A R

3R BEAR RN A B A KBRS i ik - WE AR
R ht, FUON Logistic B8, 5 Ja MR MERE A, I RMSE
3R 3.1d (WE) « 3.3d (Logistic) F13.9d (ki) |
X} 2] NRMSE 43 5114 14.34% (WE) . 14.66% (Logistic)
M 17.74% (L6 o S4h, £ F BN KRB B it
RE BB, FEAE-RGAIA R 1R 22 KT HARR B, 24
H W KAME ) RMSE A1 MAE 3 T H4 4 & #nt
K, J:RMSE }4~10d, MAE A 3~10d, MHEE4EE
B K ) RMSE A 1~5d, MAE N 1~4d.
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Table 6 Comparison of simulating different growing phases of summer maize
KEHrB L7 FB %Y Zhengzhou HAthuh Other sites
Developmental Statistical
stages indicators DTU, HTU, DTU, HTU, DTU, HTU, DTU, HTU, DTU, HTU; DTU, HTU,
LIS 4E/d 6.6 6.4
SERb- AP {H/d 8.3 8.4 7.4 7.6 7.7 7.6 7.4 75 6.5 6.7 6.9 6.8
Sowing to RMSE/d 2.1 1.9 1.4 1.4 1.6 14 1.8 1.9 1.6 1.6 15 1.6
emergence NRMSE/% 3182 2879 2121 2121 2424 2121 2813 2969 2500 2500 2344  25.00
MAE/d 1.9 1.8 1.1 1.1 13 1.1 14 1.6 1.0 1.1 12 12
M- ¥ 48/d 27.4 29.4
] BAUSFEIEA 30 306 277 27.6 28.1 276 29.9 306 275 274 28 274
Emergence to RMSE/d 38 39 32 33 2.9 3.0 3.7 3.6 42 4.1 4.0 3.9
jointing NRMSE/% 13.87 1423 1168 1204 1058 1095 1259 1224 1429 1395 1361 1327
MAE/d 2.8 32 25 2.7 2.1 23 29 25 33 3.1 3.2 3.0
LIS 48/d 223 203
I RT3 /d 23.1 234 21.0 21.1 21.1 20.7 22.0 22.7 20.4 20.3 20.2 19.9
Jointing to RMSE/d 2.0 23 23 2.2 24 25 2.8 2.9 22 22 2.0 2.1
flowering NRMSE/% 897 1031 1031 987 1076 1121 1379 1429 1084 1084 985 1034
MAE/d 15 1.7 1.9 2.0 2.0 2.1 22 23 1.7 1.7 1.6 1.6
M- ¥ 48/d 459 46.4
] FERLT- 2448/ d 48.1 48.4 415 41.4 43.6 2.7 427 40.2 437 449 455 455
Flowering to RMSE/d 4.9 4.8 6.1 6.2 55 54 10.1 10.3 52 48 5.0 48
maturity NRMSE/% 1068 1046 1329 1351 1198 1185 21.77 2220 1121 1034 1078 1034
MAE/d 43 43 4.7 4.0 4.0 4.1 9.5 9.6 42 37 4.1 3.8
3 i i % (P<<0.05) ; Logistic BAYLEAR T FFAER S I

WHRAE Y R & 5 i N O &R IR 2R AR A
Logistic B4 F1 WE #2456 F oK =SB ESH, o
AIEE I AT T3 AN R R AT H 2P K
. AR, EERRAEKEIN, Sk
INEF DR N T E T BB KA. M H PRI TR
RER S BOERE 2 0], /AN 5 H B K2 T
ZEAE AR T ST G K HAP R K T & I A I,
NEF DA R 5 H D K RS B B SR T R T IR TR
X5 Cesaraccio Z®'F1 Purcell* W 5t 4510 AH A . 834>
A B A H HIZ /N B, R RIR H AR R IE R 3 %
FMEERE. B H PSR SR ERN, SEM
B2 LR T AN T2 SR B I B, 5 80Z /N AR
YR EEES Y HMEN K EERZ A ZER, A5
H 25 K AR/ 2D K I 2 (R 22 5. H PR i
&R IR, 3 Z MR RKZEE A ATIE 9.7 Cd (£
) . 9.1 ‘C-d (Logistic) f17.4 C-d (WE) .

SRR RIA G, JEZR AR Y B i b S e TR AR
K T i R 56 2R AR SO B K AR B AN A E
I I BEUCR B, TR A2 H 2P K UL & /NI 25 K 4
I, MU AR BRI WE BB R, kR
Logistic B2, ffa ML, 3 MEERL /N 2D
KA 5 H P KA A SCHE /Tt B WE B rp — 3%
FH2E R, =0.963, RMSE=1.42 C-d; Logistic &%
r=0.903, PR =0.859, RMSE #{% 2.03 C-d. £tk
BERFESRATIA . FRAEIAR H D KA N 2D K AR 2 2

HP KA P KR B ZEREZ (P<0.05) , 1M
WE BRES AT LR ENER.

BN AR TR IR B 1R ORI
FERE. T 3 ANFR 2 Bl FEFR N E ROKAE B AR
B IR AT R, BAR NI SIS AE C vy Ry RMSE,
NRMSE #1 MAE 4§77 i T H KBy, (BAE [R— iR R
BERZEAE TS, 2 FhAART AR & WU K 2 A ST
1d, 54 F B KR K Z RN T 2d, 2 P Xt
AT BN A AR ZER . BRI Logistic
R H 25K A 5 /NI 25 K S 7E 3515 R T A8 A7
fEREMZER, HULE HRAENSHOH T A E
PURF, S5 2 RPEAE— e R BRI T R 22 ek
] 1 6 25 25 T B % FL I (P AU, 38 A 3R 0 H B 5 X
Purcell™MB i\ Jyst T S B EW T &, E M/ D K At
MHBKABMETIL, NS KR E A G BE =i W
R KREEEMRERETIRERE. Ho, fEAHERE
N, B 5 A 7R AR B AR B K B RN e
FRICE T, #RA RO — B, B SR
SR A R E KA B IR E M FHEER.

NI B KB R H B KB R AR AR
B RSSO B2 B R B IR R R . 3X 1T BE 5 R 0l
ARG . TR KT A6 - B i
18 B8 5 22800 TN 2.2%F1 13.7%, B 2253319 17 F1 21
d, HESTHMAEBHB. Hik, WL EHEALE
IR IRE, RS2 R R . 2 R R
i, SEMiZA B HRERERRELZHHRED. 54, B
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FrRMME ERREREMNESHER, HkEHK. B
LK. HEESNEEERERGEM, HERE
M. 5 F P2 3K 0 Bk G RS
MRS, ZK01T IEJG 4 B B 0 40t 2
FREARE 0.1d.

AT 3 AR, TR SEEAREAE
B, HEEEEAENERE G AN IEHRIK. RET
PR & b FRAI A R 4 AN FR AR, SR R A KB B
A B3 s R ERY, BB A 15 B R /N R 5 K B 6
A B WIS 8 T B IGE . A, AXE RKAE
WIN H PSR TR (8 C) , FEEREFIZ /N
D KA 5 H DK 2 (R 2 5 cE B,
AR 4 an A& /N 22 A B AN H P 3R N T 5 AR
(0C) FIRFHRIERE (25 C) WIHHAS LI, Hig
NI KA 5 H DK R ) 22 S 7 SR IR RN B
BTSN, Rk, REEY. ASE X A
NI 5 H DK 22 R R R B EA R L
it — PR &R

4 2 it

ERE FKRAERKIAN, 3 FiiE ERA Sk RN H
KA K TN B KA, — %22 5 5 B0 A 1 fed I
FERE, SR H B R ERE S EREER . M
HR T AR H DA S BBV LN 5 K B
Fm% (P<0.05) ; Logistic AR 4L, HEK
LN DA R E R (P<0.05) , 1] WE
MESEEW L REER. 4 a0, 2EFHN
H KA /N 5 K A P R IRZ 1.1~1.7 C-d.
HHB KM AL, NI I 1A 25 A AR S R B
A, P HRGEE KT HS KN 3 ARG A F A
A B WK OREAOURS B k ER BN WE B, J
YN Logistic B84, I Ja NER MR, (H[R]— R,
H A5 K S0 NI 5 K 3 RARE A B AL B K
ZRAHN 1 d, SAEBF PR KRR KZRNT 24,
NI PR AT B TR B R OK AR HAREURE B .
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Comparison of the simulation effects of summer maize phenology derived
from hourly and daily time step thermal units

Yu Weidong™?, Feng Liping**
(1. Henan Provincial Key Laboratory of Agrometeorological Safeguard and Applied Technique, China Meteorological Administration,
Zhengzhou 450003, China; 2. College of Resources & Environmental Sciences, China Agricultural University, Beijing 100193, China)

Abstract: Thermal-unit accumulation is commonly used to simulate crop phenology, because the crop growth rate depends
mainly on the temperature in farmland. However, there is a great difference of thermal units that are derived from hourly and
daily temperature, due to the diurnal variation of temperature. Therefore, this study aims to compare the simulation effects of
two thermal units on crop phenology. The phenological data of summer maize and hourly temperature at four sites were
collected from Zhengzhou, Nanyang, Huojia, and Huangfanqu Farm. The field experimental data in Zhengzhou ranged from
2005 to 2018, while the data at other sites was accessible for a period from 2012 to 2013. Three models of crop phenological
rate in response to temperature were selected to simulate summer maize phenology, including linear, logistic, and Wang-Engel
(WE) model. Subsequently, three cardinal temperatures of summer maize (the base, optimum, and the maximum temperature),
the accumulations of the Hourly Thermal Units (HTU) , and Daily Thermal Units (DTU) were calculated in different
phenological stages. The effects of two thermal units on summer maize phenology were compared for different models and
phenological stages, including emergency, jointing, flowering, and maturity stage. Specifically, the model performance was
evaluated using statistical indicators, such as variable coefficient, the difference between maximum and minimum (R,),
absolute root mean squared error (RMSE), normalized root mean squared error (NRMSE), and absolute bias (ABS) between
simulated and measured values. The statistical indicators in phenological stages were also compared in the daily and hourly
thermal units. The results showed that the DTU of the three models were all greater than HTU during the growing stage of
summer maize, due directly to the diurnal variation of temperature. The maximum daily difference between DTU and HTU
reached 9.7°C-d (Linear model), 9.1°C- d (Logistic model), and 7.4°C-d (WE model), respectively, when the daily average
temperature was close to the optimum temperature for crop growth. Moreover, the correlation between HTU and DTU was the
strongest in WE model (R* = 0.927), followed by the logistic model (R * = 0.816), and the linear model (R* = 0.738). The mean
variable coefficient of HTU accumulation was 0.4%, smaller than those of DTU accumulation over the whole phenological
period, indicating that HTU had higher stability than DTU. Furthermore, the DTU accumulation in the linear model was
significantly greater (P<0.05) than HTU accumulation at jointing and flowing stages, while the DTU accumulation in the
Logistic model was also greater (P<0.05) than HTU accumulation at jointing, flowing, and maturity stages. Nevertheless, there
was no significant difference between DTU and HTU accumulation at each phenological stage in the WE model. The
simulation of both DTU and HTU showed higher accuracy in the WE model than that in the Logistic model, followed by the
linear model at phenological stages and intervals. The accuracies of three temperature models varied in the crop phenology
with the root mean square error of 3.7 d, 3.9 d, and 5.1 d, and the NRMSE of 1.66%, 1.77% and 2.50% in the WE, Logistic and
Linear models, respectively. In the term of accuracy differences at phenological intervals, the RMSE was 3.1, 3.3, and 3.9 d,
and the normalized the root mean square error was 14.34%, 14.66%, and 17.74% in the WE, Logistic and Linear models,
respectively. With the same temperature model, the differences between DTU and HTU accumulation were no more than 1d at
a phenological stage, and 2 d in the phenological interval. The data demonstrated that there was little difference in thermal unit
accumulation derived from hourly temperature and daily temperature for summer maize. Namely, there was no significant
improvement in simulation accuracy of phenological stages with shorter time steps in HTU.

Keywords: temperature; crop; models; hour; phenology; thermal units; summer maize



