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Abstract: The crop coefficient (K,) is defined as actual evapotranspiration (ET) under sufficient water supply divided by the refe-
rence crop ET (ET,), which can be calculated using meteorological factors. The K. is used as a basic parameter to calculate the crop
water requirements. The accurate determination of K, plays an important role in optimizing irrigation management. The K, changes
with crop growth and environmental conditions. The purpose of this study was to assess how K, varied with crop production and
weather conditions by using a long-term field experiment of field management measures of winter wheat. The actual ET of winter
wheat under sufficient irrigation and ET, derived from daily meteorological parameters at Luancheng Agro-ecosystem Experimental
Station of the Chinese Academy of Sciences from 1980 to 2020 were used to calculate the seasonal K. Additionally, the dominant
factors affecting the K, of winter wheat under the current production conditions were identified from experimental data of three re-
cent years (2017-2020). The results showed that for winter wheat with sufficient water supply from 1980 to 2020, the average ET and
ET, were 434.7 mm and 550.8 mm, respectively. The ET, was relatively stable, and the ET increased by 17.6%. The average K, was
0.80 during the past four decades, with an average value of 0.76 in 1980-1990, 0.80 in 1991-2000, 0.81 in 2001-2010, and 0.84 in
2011-2020, indicating a continuously increasing trend. In the past four decades, the yield of winter wheat had increased by 42.4%,
and K, had increased by 11.6%. The increase in ET was the main reason for the increase in K. The ET during the past four decades
increased with increasing crop production, and with a relatively stable ET,, the K, increased. Therefore, the K, varied with changes in
crop grain production, which was related to biomass production and canopy size. Under the current growing conditions, leaf area in-
dex and biomass were important factors that affected K.. When the leaf area index reached a certain level, K, was mainly affected by
the atmospheric evaporation potential determined by the saturated water vapor pressure difference and atmospheric temperature. The
K, during the recent three years was 0.79 for 2017-2018, 0.86 for 2018 -2019, and 0.79 for 2019-2020. The average ET was
442.3 mm during the three years, and the average K, at different growing stages of winter wheat were 0.70 from sowing to winter
dormancy, 0.42 during winter dormancy, 0.76 from recovery to jointing, 1.18 from jointing to heading, 1.39 during heading to grain-
fill, and 0.96 during maturity. Thus, the water requirements for winter wheat after winter dormancy increased sharply and reached the
highest values during the heading to earlier grain-filling stages. The results from this study indicate that K, varies with changes in the
crop growing conditions and should not be taken as a constant value. K, developed during three recent seasons in this study could be
used to determine the crop water requirements for irrigation scheduling under the current growing conditions.

Keywords: Taihang Piedmont Plain; Winter wheat; Evapotranspiration; Crop coefficient; Crop productivity; Meteorological factor
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Table 1 Soil physical characteristics at different soil layers for the experimental site

ATk R
Saturated hydraulic
conductivity (m-d™")

FHEESY/S
Field capacity (%)

Wilting point (%)

v LT W

Depth (cm) Texture Bulk density (g-cm )
0~20 VP + Sand loam 1.41
20~35 P4+ Sand loam 1.51
35~65 T4+ Light loam 1.47
65~90 i+ Middle loam 1.51
90~145 W EEE+ Sandy clay loam 1.54
145~170 FiE+ Clay loam 1.64
170~200 PFiZhE+ Sandy clay loam 1.59

36.1 9.6 1.090
35.0 11.4 0.434
33.4 13.9 0.730
342 13.9 0.713
347 12.9 0.020
39.3 13.9 0.003
38.5 16.4 0.016

SE a1 FHE B It 5 25 A T AR [R] . 1980—
2020 4R [A] 2 /N 2248 B P B HARFS AT AR B L BFAEE
PERETE A S R AZ AL N2 2 B o BT &/ NSk D
T, P AR R BRI A B i 1/4 (9 BUIEAE A HE AT 4
BT R ERZ . BIER S RN R ROl 225
kg'hm *, AT 4 %5 1 B 86 A0 07 X, P34 THE 15 em,
HAR G 2 WY, FEA /N E R MR T
SRR WL it AR

AHIFTE i R AR T [ B2 e 2l el 2
& R G vl 19— R E A, 1215

18 2 /N VL FOK A5 A B N ASHE K B K 5 Ry
6 MAbH, BB 4 R FEE . KK /N X BEALHES,
BA/NX A 5 mx9 mo /N 2 [A] K ia 50 H JH 4
2 m SE AR AT IR I, BR3P AT ASHE K, 18D FH AR /N
Rl 51 A BT 1Y & 3 B N N/ R BU K (A
B E RN, HZK T RSN XA K AE B
TR A B WIRE K 525 5, WORH 6 Ak 28
FOPR A5 B el 7 1) TR TR A B Sy 6 R M 7 K SR
AL EE (£ F I S K, 23t 360 mm), HEATVEY &
BT . T BE AL B A /N A A A IV R )
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2 REtS L EHEEEREEEL (1980—2020 F)
Table 2 Field management measures for the experimental plot during 1980-2020 for winter wheat
DR ] b AF SR HHE SREFF AL
Period Cultivar Annual fertilizer amounts Tillage and straw management
1980—1990 BEHDD N 150~200 kg-hm *; INZE R EKRFEFFAE N TIGR R BR, i THIRHL L B/ N R R HEA T
<Jimai 22 P,O; 80~100 kg'hm > Bk
Straw of wheat and maize was removed from the field manually, soil was ploughed using a
plough mounted on a tractor before sowing wheat.
1991—1998 FLA2A N 250~300 kg-hm *; IRA W EINLGR A /N IR NGRS AP 25 T R 1RD, S FORFEFT T4/ N2 BRI AT I R
<Jimai 24’ P,0,100~150 kg-hm > HHE TR A,
Wheat was harvested by combine and wheat straw was left in the field as mulch, straw of
summer maize was manually removed before winter wheat sowing. The farming method
unchanged.
1998—2003 “f14185” N 300~350 kg-hm >; PIRIEY) 2R SEA TR B, o FRFEAF AR S, T4/ NIt 5 1)
‘Shi 4185 P,05130~170 kg'hm *; THERA . BN
K,0 20 kg-hm’2 Straws of winter wheat and summer maize were both returned to the field, with winter
wheat straw left on the soil surface after harvesting. Maize straw was cut into small pieces
after maize harvesting. Before sowing winter wheat, rotary tillage was applied twice to mix
the straw with the top soil layer. Other farming practices unchanged.
2004—2009 7221 F1FF4 199’ N 300~350 kg-hm™; FEFPAL BT 2R . (EADB U R M L e . MR 2~3 4R R —

P,05150~180 kg-hm >
K,0 20 kg-hm*

7221 and
‘Kenong199’

The same straw and tillage management as above, with deep plough added every 2—3 years.

FHFFAL BEANBFA 7 20 L

N 400~425 kg-hm?;
P,0,180~200 kg-hm >
K,0 90 kg-hm*

2009—2020 ‘B4 199°F1 f157633°
‘Kenong199’ and
‘Shixin633’

The same straw and tillage management as above.

DAFE S /N . BOR—AEPIZER . Hh N R R TEA, NE 1 257746%; P,OSK HIBEIR 4%, &P,0, 46%, N 16%; KO S LA, &
K0 62%. V/ARIRE . AR — B M AL/ NEFRITE A, TR IR RAEA/ N TR E AR G RSB ALEA o The annual fertilizer
application was the total amount of fertilizers applied to both winter wheat and summer maize. N fertilizer was urea containing 46% N; P,O; fertilizer was
diammonium phosphate containing 46% P,0O; and 16% N; and K,O fertilizer was potassium chloride containing 62% K,O. One-fourth of urea, all diammonium
phosphate and potassium chloride were applied before tillage at sowing winter wheat. All the other urea was divided equally applied to winter wheat at jointing

stage and summer maize at 9" leaf stage.

SR AT 80 mm ., #5715 90 mm., A2 FEH] 60 mm
FEAEI 70 mm DL KSR ) 60 mm, A F W B THEK
T 360 mm, FEATR AN T A M X 4 /N A A K R PR K B
AR
1.2 SREFMSEEYEHEITE

I BE 5 v R A e 2RIl AR 2 R G g0
29 50 m AR AE R UG, AR IBUZ H f5 i Sas IR IR
AEXTREE . BRI K AR ZE SRR
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ANER KT IE, SR S A7 W s F S8 0 X R 5 Bs A B
AR AR BLIEAT A3 AT o I AR AR 2 U T 1Y
Penman-Monteith J5 #2118 2 ZEY) Z 8L & (ET))-
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4 8 i b T LB 7K 70 43 ) £ B M (B RO 0.23,
F R 0.12m, RIZ KSR 70 sm ) Bk
(= R/NS WS B

900
0.408A (R, —G)+r—=zu(e,—¢,)

A+r(1+0.34u,)

K P ET, M3 BAEY 26U (mm-d ), R, (REMEY
FW E W GRS MIm©dY), GH 1 5 HE B
MI-m?-d"), TJ& 2 m & 4b HFE ¥ (0), uft
2 m E AR B K (mesT), e, L FIK ISR (kPa),

ETO =

e, HEBRIKIRIE (kPa), A QR FN K 5% 1Hh 26 i 4
R (kPa-°C), y AR R AL
1.3 HIEEKE

MRS T i, B4 /INAE R KRR Al it
B, TRERNAT . WO G B HAh 3= 2 A K B B DL B
20cm H—2, W& 0~2 m HIHES KR, FERFREG
AR B s TS, 105 CHET 12 h SR FRECT R,
W AR RS R R KR, MR A E
B, AR E KR,

M 1986 4EFF IR, TE RS /N X2 AIREE 2 m 1Y 4R
B, AR R RE 0~2 m A 3955 AR B Kk R
(M 1986—2010 4F, Jf| TH-II, Cambridge, UK; 2011 4F
J& A1 F1 503DR, CPN International Inc. USA), H' 11X
AT T TRCIE, RS2 BRI 3R B 5 Kk &
L p U e B R . 0~20 em )2 IS
TR FIFH Bl B A R

2017—2020 44 /N A HE K 2, Bl A LU 5 B2 7
HEAL, B AR PR R — /N X A B R A (ET200, R
J5 8 BB By A RS A D, B AT 2 m,
PLEE 10 em S — 2% /NI E AR 5ok A8 4k,
I 7 BB 2o T2k 2% A i I T R 3
14 MHEAREMERTENE

T2 30 0 [ 3 20 90 SR % AR K ZR A /N R AP (]
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i R FH McCuen™ 2 H (19 SUR R B (S,) Bk 047 0>
Bro BRI N:
AET, ET,\ 0ET,
A—vixv_i): 5, ET,

Ao v AR KB IR N T, 8, URME TR
T R BUR R R F RT3 ET, 122 L0 24
1k, 75 He A BT, X 5 R P 1 B BUBE AL 5 fif 5
AT BURR B ER IR T BT, 2 IEA
5K, U AR BON N R TEIN 15 BT, 2 7AHE
FHURR AR B X ELBR, 2 IO 13 A6 XX BT, Y32
UERTER

R Yin SR i R T S B AR
AR ST (G,) AT SRTE (A503), B
TAX AR A S U R BB

Av.
G, = = x5, 3)
Vi

Stq = 1imA~>0 ( (2)

Ao Av WIS 8 S R AR AR R, vt
RABEHFEBELXE, S, J& ET, X A5 K
TRIBUR R
1.6 ZNEEFHEAMENEVREGTE

F K B 114 1980—2020 4R/ NEHH
W ZE B & (ET) 1 2017—2020 4E 448 & 8 M A el 4R
A BB ZE R (ET):

ET =P+ 1+SWD +CR-R-D 4)

A P REKE (mm), SWD N 0~2m + 2 H4EE
78k B B - K AT FE L (mm), CR J& HIRBAY [T+
EMRXAKE (mm), R N FER R (mm), D N X
+HOK S T B E (mm). HF 5 1980—2020 4
Mo R K ERAE 15~40 m, B L TH/KE CR W LIZ
W AT ZINDK D JE B 15 A DR A AT R 22 A, 1R

A= B I P R TR RIE K I T i R AR, SR M 0,
WX+ T3 E (D) B E Zhang 42 $2 H A9 7 2511
BRI
D = —k(Ah/Az) 5)

Ak RS AKR, Az &R 2, Ah X
TREE 221 E k4522 . FIFHEHER A LGk R 5 £
R KB TR BOE R K=K xexp[—a(0.-0)/(0.—6,)]
T K, Hoh K2 AN S KR, 0, 2 4 i A i
SRR, 0 0% HIRIRFLE KR, 0, R ok Ay L e iR AR
TR, a 5 YR R OG B R B, % R BOR
it Kendy %™ (45 5%, BUE 14.5. TR AR &
JEHEE WA )2 1 AR S K B B, Rk
AP Sy AN R R B AR K S - R
PR AAT LIS, 200 I B,
SE AR ) BRI — 2R K

VEW) 78 0 BE K & 18 F 9 ET=K¥ET,, 1E 4 & %
K=ET/ET,. AN THFEYWENMETMSLEAET
W B I VED) REG T
1.7 Sitath

B ¥E 4 B KA 18] 8 3 SPSS Version 26 F1 Ex-
cel BRAFSERL . A AL BE A~ 15 5 BG4, SR FHZR
P 1A 43 b7 45 PR 25 TR A G

2 ERS5HMH

2.1 1980—2020 FERERZRESEEMERMET K

124 1980—2020 4FAH GG S U BUR R
B AR TE B . MEL 1 AT, 1980—2020 4E & /N
A RFZAFPENRIE (T, AHXHEE (RH), FHEIK
(V). H B E (SH) 43 31k 7.23 €. 65.91%.
1.13m-s"', 1258.97 ho X HLA G W00 et b i oo 1
JE (T« TARIRSE (T, FIPEHIIRE (T, Z4E2E 4L
0L, T, 5 4E W B 4 E K 7.23%, T, B8
40 0.05 °C, T, B2 V-4 0.07 °C, T, 5
BIHEN 0.03 C, FEAIJE T ARk (2011—2020 4F) /&
AR BB, AR IR EUE 0.20 °C, R NE
AR R E AT S EE R T REREN T
FBG P KGR RR R T, S A ST S (E T R
2.6%; 1M1 H R8s 550 R A o i B 34 B 3 R R, S AR T Bh
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Changes in meteorological factors and their sensitivity coefficients during winter wheat growing seasons from 1980 to 2020
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Fig. 4 Variation of crop coefficient of winter wheat under sufficient water supply from 1980 to 2020
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Table 3 Weather conditions during winter wheat growing seasons from 2017 to 2020
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