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Diurnal variation of water and heat flux under transient water stress in a winter

wheat field
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Abstract: An understanding how changes in evaporatranspiration and evaporative fraction ( EF), the ratio of latent heat flux to the
available energy (the value of net radiation flux subtract soil heat flux) , is important for determining the irrigation schedule in arid
and semiarid area. In the present work, the evapotranspiration and EF over a closed-canopy of winter wheat with transient water
stress was investigated over daily time courses at luancheng Agro-ecosystem Station, Chinese Academy of Science in the North
China Plain from 2001 to-2002. Surface energy fluxes including net radiation ( R, ), latent heat flux ( LE), sensible heat flux
(H) and soil heat flux ( G) were measured based on the eddy covariance technique. When the soil water content was below 65 %
of field moisture capacity, a plateau in the evapotranspiration occurred during the middle part of clear days. The plateau was
marked by a sudden change in slope of the evapotranspiraton curve, and lasted for about 2.5 ~ 4hr. Evapotranspiration flux
indicated a change in the trend from a decline to relative stabilization. The EF showed a distinct diurnal variation. The

stabilization of EF over daily time courses differed during each time period. It had a large variations during nighttime, around
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sunrise and at sundown, but little variation during the daytime from 9:00 to 16:00, and shape of the curve of EF was an inverse
“S” shape from 7:00 to 18:00. The value of EF declined and ranged from 0.5 to 0.65 when the evapotranspiration plateau
occurred when the relative moisture of the soil ranged from 55% to 65% . Midday EF at 12:00 ~ 13:30 was nearly equal to the
average daylight EF at 9:00 ~ 16:00 over a relatively homogeneous winter wheat field under clear sky conditions.

Key words: eddy covariance technique; transient water stress; latent heat flux; evaporative fraction
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HEYEN K REN SEMEEESSEAEEERNERETATE X4 KBERAURSIFES L
BESh R RN ER L, £ L3k 56, EX B EF RG-S4 80t 5 5 9 ik ik 4 iha,
EE Y A B S IEE AT, XK AR T BRI S T, KAETEA Sl MR - EH
HHESENYAHERKSHE, RELTTFERETREBR H FKERES REYSHEZKHHHEH
REMa, 0 T ) 8 S5 B b I M R A R e, W E SR A M TE R, RERHE ST LE-
HE-RSRAEEX—-ERERAANESZSIR HERZ P SHEYABERS A SN BRIFEETMEX, 8
RIS RREN , RHEERNRER T T TREADRSHERAMKI A AR REEHE IR, May
T B A AR R A R A 28 BB o 2 LR 0R , T LA MR R K S B 3 BRI AR Y s )RR, R R B U
P MREESHHBAREHFTHR. AW, T ARRAEAANEE, URESHEMBERHE BERY
AEEBRNEMHE, KEREEEXBEANATHURSHATERE LM R A E X KN4 LB

T R K IR A R R, SR YRR S R R, NS R F A BRI T 3R 40 R A FRE 0 i
WA R AR 2R3 B 6, I3 M A A BRI A K 40 AR R S SR AT 7 KRB 5T, U B 3 A O B K 4
STHEEMBRBER, MAAERETRAHE" ! BHN I ENE TREYH S AR E A SR AHR
F B X TF R HR R YRR Xt K 4> 5 Bk i B 6k F BEST, W L F W B X TR R B TR
BRI KE, AXULNERAREIARTSR, RAREAXER MEeRkHAESRERR VL HE S
B, I AT 280K A RRE T R EERGER A H AL,

1 HREMRSH &
1.1 HEFE

AR EFGHBAhRR N,

R, = H+AE + G (1)

KPR, NHHEIER(Wn'), ¢ HHBRER (W), H NBEHRER (W), AE HERER(W/n'),
R, A G TE i3 (X 28 B0 SE , AR F0 H 4K 45 38 AR 36 JRUBLE i 8 B M E BRI 3R b F Rt s™

H=pCWT (2)
AE = Aw'p), (3)

K, T'.p, Mw AEBEKSIHAESZEMNBE(C) BE(g/n’) FEHXE (/s KKEIE, o, K
SEEE(yYm’), C, ABTEERH(/ (kg K)), 2 FKKEAERU/ .

1.2 SRR EARENR

I T 2001 ~ 2002 4 7 E A2 Be 2R AE B AR R G IR ¥ (N37°507, E114°40") 456 SR 30 5 & /&
HEEBHAT, AN FR TS ZRE B X S5 A O K AT L R, R B 500 1m, R KRG
RAEEEH LG ML F RSB, A2 E T HMEKR 480.7mm, BRI EE K BN T HREK RN
129 . 8mm, B K BEMREVERTE EYBEZ TREMNMNE, FXRMWMBOL T KHBEYWERK. ZEHAT
TKIBFEM 20 t 42 80 AF XA 10m FRERI B AT 30m AT o XS A 7E b 8 730 i et MG iR+, 2
BE, LSRR R+, BB, FEERER, BB 0~30ecm) EHHAHFRE 1.2% ~1.3%, 2R TR
0.07% ~0.08%, Rl AEFUK/NE + EEX -EFRNE, R A= B & K2 800 ~ 900kg/hm” , 7]
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REENLUAPFRERRLE=X.
1.3 A®ikit

AR I 5 TR B A X R bAT Ak B A o IR B I A 3 T S T I A RUR KRB R R R S AL
KR AT R, AR EE AR/ E SR 9204 X M R M. KB X EH A 200m x 170m, F
I PO B 223 IR B A RN, AR B 5 R R R A L B B AR BRI R A & hE L TERTE E
¥ — TG, WA 8 BE A B R WK | Rl R T R B AT KU R KK
1.4 WMAUME S5H7E

K/NERBEBAMBHER Y Campbell AREFHWNEMRRENME. BEHAXMNEERE A ELE
3m B EAL, WEH X RGN E R RE SKBEMAREE 3 WERASAER, R CSAT3 B =4l 7 KE
{% (a three-dimensional sonic anemometer, Campbell Scientific Inc. )l %€ R [A] 7K - F1 8 & X2 fk 3 , KH20 BHEE
AME AL (an ultraviolet krypton hygrometer, Campbell Scientific Inc. ) ¥l %€ 7K 5. % B Bk 3 , FW05 BUE % 4 ZR # B
{8 (fine wire thermocouple, Campbell Scientific Inc. ) ¥l &< i bk 3l , LA 10Hz 55 3R 0 8 18 & 38 F0 = 48 X 53 Bk 3h ‘
{81, b 28 P\ K 5 (8 A 362 K 5D 08 1 Uy 2 0 O R B O R R (B, S 10min 0 ¥ D B
BYHME, EERTYREMGEEORKS T ERH. A REAEE L WGBS ERS Q7-1 RBHFR
(REBS, USA)WSE , 4% 2 ML MAE BARE THEWT A A7 M 2em BELL, RECF B EEHK B HERE
B, ¥ CR23X £ (Campbell Scientific Inc. ) REFKE .,

Z/NERBO~20cm HHEZLBEESKERABRTEDNE BB ESKEFERAEE H- TR FUNE,
FE PR T X AR T 00 A R AT AR B s 1 4 v T B O s o, R T I S R R S S R R T R
RERFRRARRBAMEIRARS JFE, AASENER ELER RS KBURKEEMXIE
B9 M AR E , B 7R IR A R AR ITEE (footprint) A #ETT .
2 BREHH
2.1 RAMEVFHEH S

FER/NE MR IHAT AT IR B R GE 2 3d JF LRI (B ~REHRUEZETER 2.5m), Z4BH
R (CSAT3) RIREH X RGN XBARTS L EN TS TEE LW RS RREDNE e RiE, 0
B 1FR, A ERFTFRAANRE CSATI I E M B REZ M R A RIFHREMRXKE(r=0.9986,p <0.01,n =
428) Ui B o 1 B OMOBR A VT R4 5B 40, TF B K CST500 (CO,/H,0 Analyzer, Campbell Scientific Inc. ) 1 KH20 &
e W EBRBRMX RN 0.9626 (p <0.01,n =382) , HALRN 1.02 (B 2), W EHRMNERENFH
— Btk B, 5 T 50 % TR0 R Al RURE 35 2RI AN 8% B TR B A S 2k K PGB B BOA B R RO TR AR 4 Y
B, R#HTHRERKAYENEEZRIWEEAT TR,

Lol8x. 04228 600 — y=1.0104x+2.4177
=1, =0. 2 =

g R?=0.9973 500 - K=05268 o
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Fig.1 Comparison of the values of virtual temperature measured hy CSAT3  Fig.2 Comparison of the values of latent heat flux measured by C37500 and .
sensors of C$7500 and KH20 open- path eddy correlation system 7 KH20 open- path eddy correlation system
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*Eﬁ@d\i?ﬁ%ﬁﬁﬂlﬁ?ﬁﬁ%ﬁ%&%%ﬂ@?ﬁﬁﬁﬂﬂ#&ﬁﬁ(EHEBH‘I‘ETJH‘J AL BER ), R R BT p & N &
BELTHEFEEM L BAERBITREESEARBLEASHW(E3), LRFH, BUS5DHER
ZH(AE + H) Sl & (R, - C)\MIWEFH KR 75.7% (r = 0.9854,p < 0.01,n = 182), HREB L&A L
BEER B BBETMEFIENEE. 34, B4 SR EH, RHEREEHASEEWESES FARER
BEU MARNRERBERTERELLFE (r=0.7994,p <0.01, n = 61), B F 5 4 3 5 #9 H K I 30 4 18
i, KHAERFEAGEERR, A TFRELMANKRA L 20% , XFHE U B, B T AR ERS . E—
R LSRR ENIERSE. VBT EREAASSAMELZAIMNERETAHEE _FZEA
MR, B A A LR RERNREARFELRAR, BEEERFA LENERREA S TE. AINEREE
B& D B2 N B TSGR AR E 5 B O vk B 8 4 10 2 18] RUBE R ) A e B X 5 TR K 491 2 R o 4
HMERHA.

500
L ¥=0.7574x + 2.3551 o S 12,
gs g Y00F R2=0971 o°°3 é o y=2.6954x + 0.1771
I ' 2o
¢ € 0.
ng 200 |- gg | 06
Mis g ? :
®EE 100 ¥
i) g'a . w5 04
re g 0 | AT g2
= - g 02
® ~100 ! ! . . B |
-100 100 300 500 700 A Y% o1 Y 03 v

Tt Available onergy (W/m?) BEMHE Friction velocity (m/s)

B3 REMXRENZOWHESERERZMOE + HRTHE EH4 £DERUERTHASHE L+ H)/(Rn - ¢) SEEEE
B(Rn- O ZEMRR

Fig.3 Comparison of the sum of latent heat and sensible heat fluxes (AE + Fig.4 Relationship between the degree of energy balance closure( AE + H)/
H) with available energy (Rn - ) (Rn - G) and friction speed in wheat filed

2.2 Bk AR FRHER LHMEL LA FhTE

ZNERHMA ERE LHKSERBHERL T, HFELMEEF)TE O XA E P2 IR E M ELE
PZOEETESFNERRLERE TR, EXNERBEMMBEH, % 4 A 10 A (DOY100).4 A 13 A
(DOY103) .4 H 17 A (DOY107) .4 A 24 H(DOY 114)IWEER TR VTR, B B R AKX L E W A Z 4k
. W H B A EAETE 9 ~ 12.1h Z 8], HEFRIEF(LAD KF 5, T ERE 0~ 20cm FI £ Z R HE 0 ~ 150em
TIEHXHB R 7 FIE 50% LT M 55% ~67%WEEMN (K 1), EZMBEN4 ] 15 HHH—K 6mm ZEGHFEK,
4H 16 FBREM KRG, WES Hin, EENLNERBEEFEN A BALIE, FENRIBHENE
BREWMEMAZASRE, R - G HAHEER, EF = AE/(R, - G) RER LA, RFMEY B AT T4 aE 2 sk
H1o TEXBIE M KET,7:00 ~ 18:00 ATEE AR R LB LAV 2E“S" R, h B R F 10:30 =4 LARTZE #
WK, EFHIEH BT F M EF KA 0.5 ~0.65 HE P, 14:00 2275 LUS MB18 17, 558 A% RS EF (6.1
FEEH K BB 1. RN TREOTEEAST AYNEBBHIEIEREK EXD LREY RS MNAER
WK MR AR, EF ERRRINEREELWN EF K, TEREE PP F KBRS ER
BRI A BRI RAKRESE, KA RE R T S BEY AT 8K, FiEE KB
AT EEY AR EFRE NIRRT, EFE AL EFRE,9:00 ~ 16:00 At BN K L E AT
AR Re e , T FE A 1B) R B 2 MR AR s it A R B BRSO IR R AT S X b i (3R 2) , S R W
12:00 ~ 1330 B BR P9I EF P X (H S #55E 9:00 ~ 16:00 BT R A& K HLE .
2.3 REEHRKBERT FEGER B FALRE

ERXNEZRTIHBAERREPA BRXA LI BKSERLRAF , BHRER A THEFAEFER
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BRZEHEL(E ), M N ABMMAMRYREREN, EXHHAZAEZBERRFEANBRENHE,
DOY100, DOY103, DOY107 1 DOY114 F&#I %) s #54L 6 18] 4 H1 4 4.3.5.2.5h Fl 4h, #9 )\ 10:30 F15:00, 3 H
FEB T Hh BE B HERR A  A TA . WRGER B AR fbd # % 8, DOY100, DOY103, DOY107 #1 DOY114 %
4d FEER 2 AT A 22 U5 B A 18] AUl B AR 2 80D, AR R R BUE & DOY103 8 F DOY100, DOY114 B
f&F DOY107; T DOY107 5 DOY114 &) #E & U 41 & & F DOY100 5 DOY103, H R H & & F DOY107 5
DOY114 #) LAI DA J TF 4800 J& 4% H 2% 10 R IR ¥ 38 91 B KX T DOY100 5 DOY103, ZRBREMAERIRE, —
FEEAFHEKSATE, LBERE 0~ 20em A KEKFHERFKER 0%, 1 /2EHE 0~ 150cm ) 1%
BT HE KRR 65% ; FHMNEFRIE K AES &R L RMEAKKEZE(VPD) K, i T L &K
BRSBTILE A 2 A, 1 a0 B T 0 B Bsf 8] o Rt . FRHELE b I AR A R R AR R B (B A B 1k K AR
£ HnE 5 45 E % DOY100. DOY103, DOY107 Hl DOY114 i) EF { B 3B, EF GRS =t H 3
B, PEREH R AL ENAE TR, BIRT R (R - ¢) A TEYABEN LR, BN LA
B R LR AR R ERE A RIS, IR R A UL A R R R RS Ak S AEg K
SRR ATHE
#1 SNEREERFNESRETEANEREDHERRE . RN LNFRER T

Table 1 Crop leaf area index, meteorological and soil environmental factors in those days when data used to analyze diurnal pattern of components of
surface energy balance in winter wheat field

H¥H<E HE®<HE B Rt o} T BLE B WA XTE & (O ~ 20cm) £ JAA XTI BE (0 ~ 150cm)
fRug B ) ) . . . oo T
DOY Daily mean Daily maximum Sunlightduration Leaf area Relative soil moisture Relative soil moisture in
temperature( °C)  temperature( °C) (k) index in the layer of 0 ~ 20cm( % ) the layer of 0 ~ 150cm( %)
100 9.3 16.9 10.1 5.78 63.2 66.7
103 17.4 30.4 9.1 6.12 45.2 63.1
107 11 18.2 10.5 6.52 45.7 65.5
114 8.9 15.5 12.1 6.8 36.2 56.0

T IARSHE 1 A A xR & E K B B E 43 % Relative moisture of the soil means the percent of absolute moisture of the soil in field water-
holding capacity

®2 ENELEHRANBEAEERTEMBRALMA LY
Table 2 Comparison of evaporation fraction at diurnal pattern during different time period in winter wheat field

'fﬁmﬁﬁ A EF & 7:00 ~ 18:00 ¢ EF {§ 9:00 ~ 16:00 ¥-¥ EF {8 10:00 ~ 11:00 %3 EF {§  12:00~13.:30 % EF &

DOY Daily mean Mean EF value Mean EF value Mean EF value Mean EF value
EF value at 7:00 ~ 18:00 at 9:00 ~ 16:00 at 10:00 ~ 11:00 at 12:00 ~ 13,30
100 0.34 0.76 0.62 0.51 0.59
103 0.28 0.87 0.62 0.49 0.57
107 0.1 0.85 0.70 0.70 0.66
114 0.15 0.58 0.61 0.59 0.60
3 g

3.1 ETREMXSEARAMENKEDERLEFEEHATRR

FHASRARBIETAFTBER, = AE+ H+ G+ S, WARRY Bt EARMEARENEETHE
SBRHYMAS BELSFEUANFTHTEHERNEWEERHERAFHEHE, RAREMAXREHTI
N FFEFERHERFEEOEAHGARZ, MRMNBEAIKATANRHEEERZREN EFTREER.,

BEMXBEATUEZNEFRRQEL) BH(DER, ZER EFRANERNEREHONUE, AR
W S R B 5 3 3 2 F A M B 00 08 L FE BRI AR AR B R R B S A B R AW YRR R RN R
BAERTR Y, REREMRBEARNE K SBREOWER, BRETR LB, 155 AR N E H A
BRAERMADTAIHERCHRIER S LRAERMNE)" Y B PHASBERE 60% ~90% , AFH%
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- 00 1 1 1 1 1 1 1 i 1 1 L _6 1 1 1 1 1 1 1 11 1  — |
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M Time At A Time
BS5 &NFERTERABBYIH(E)MBRLMACG)HEL
Fig.5 Diumal patterns of energy balance(left) and evaporative fraction (right) after stem elongation of winter wheat
BHRNERONERNEREERZ NS TTHERN 7572 MAEKBASRENENERKERTVEHR S

AR 47.3% ™ o Morre!™ Al Villalobas'* TA Yy 7K 1 4 % 28 15 8 7 At (WL B 430 8 , 2 i Fl0 18 EE AR SR B A 0 7 Y
WA B RGE B AR EEEE . Sauer 1A G I B X T 400 T oK B R H 0¥ A E PGE B R
. ERERATHYFAERRANREEMTRBESHFBRE R LEREBROL M, 1K HEET
wESEVI SR D A HRIBTETREEEWEAEAFAZTLRNERFETD (S, BFEERA=IK
B AR S SRR L B2 L BOt-& FF T RE B IR 3 R BOW MY, X T 5 AT AR 8 (RR Ak LK) S i ]
B30 /N B RE B V-4 T B X IR AR R Y B B T R KR 10% iR, IR RAER VA
W RAGERRNE M RS T EAGERARZ 6 L ERABFFERFE S, WX T /G & RER I &Y 2 W 7 A 0]
B 2% ~ SR RBRET . B5h B TWA B GREER . LR AE B IE (TR 4 ] RBEEA ISR,
RERVEAHEH T —BERE. BERAUSIREIRESRERTEAAE U, BFEE USRI EHE
R OINGERVERESBEREFERMEAXXRE" Kl BRI 'R TR,
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3.2 ERRWHEHEBLIRPFANENREREFR Y100 5 DOYI0r - DOYIOT . DOYIL
R A MR 75 R G A B 5 T G R Y 400

B, #E Ty KB B FE A O O . Shuttleworth 5 00

08 R R P R B EF HAEREN, EHE% gé 2000

HXX—SHHEARE U RARIE SR EERE 8L 100

BB E R AT TR, EH R g o

- i [l 1 1 1 L | | 1 1 1 i

*i$7k5}?ﬁ/%%m?,7:00 g 18:00 H‘f& V‘] EF ﬂ\] '80:30 04:30 0;;3[;)] ;lzmio 16:30 20:30
“RETELEIRE 7:00 ~8:00 M EF,8:00 ~9:00 LA

JEEBNn EF HARE 0.9 £4™, 6:00~18:00 7 Ho KNFERBR S E A S MEE T B RER B A4 (DoY100.
Rt BPARRIEBA D U™ AR BARE L 000 e
MBS0 RIE, —HE S L RE KRB A o e E
X HEEERRAZBELRN KN, A—TTESHRE

W B AT TS B S M %, AREWRIEHA/ER EF AEALR(BS) , ARMBENZSHBERE
AFE,EXHBEX9:00 E 16:00 BB EF HX BT E,7:00 £ 18:00 BT B EF B L2 B S7 8L, M
TEREMBGAZINBEAEE., B, ABEEMEH BXHER ERUREAESRESL, EFRIEN
EF 5 AXE BN EF BYEZ W EABFRMEEY > EEFRZK EF 58X BH EF 3554
&0 FALBPR BN AR EAN EF #1785 4 H A B, 12:00 E 13:30 BHE MK EF FHEK
B 9:00 £ 16:00 BB A EF FHE(EK2).

FAAFEHNEERE> -, ETHRABEFA I/ BAEEEESRLAFESRERRNEH T ET, KEE
BB T B R B SCHOAE (B) e Brs . BFESIEN B R H A RET B EF W EH R T 8, RABE EF fig XA B
MEGRARMELRERE SBNEREREY . ETERME EF NEEH SEALFNE LEEBRE
AEMMERASSEN HEXBERLRERE M T KERGEMHAER, U L-SHEYEBSE ER
FREEREENHEEEEAFERNETTBRIERE L,
3.3 kR TR R B EART G AR AR BAFE B BN ER H

R FRIE T 4 - 3K 4R R BT , &/ B IE 2R S B4 LA/ BT B I B B PR R R T e
P NEEER B BT ERE , XHAREMUT SR, BlRZ pER AR, EREARRBARD
RUEREELNIH, EFEELBAKAFE, ANEZHREEZNE R, FHESKLEZMEY AR H
. HWARKHAESEE MAKKEEMERATKEX -FEEAYNRER, HESKERREN FYR
ARAEXRBETHEER SESILEHEE EAERBERRBKTE R BRFE. Bt ELBSKE
M EMASMAAENE FRRENRSEIBER, NEETHRLIBERRSERIBRBEAGTHEER
HE., AMEERIEH, LX/PELEKEHYRKX LB EKE TR HBHFFKRHY 65%LUT i, XRRIL
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