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Abstract

Accurate estimation of reference crop evapotranscpiration (ET)) is critical for computation of crop
water requirement. The currently numerous ET¢ methods, which bring convenience for computing
water requirement, cause confusion in method choice. Using data from six sites in main agricul-
tural areas in China and with FAO 56 Penman-Monteith (PM) as reference, four commonly used
combination methods were assessed. Results showed that the 1963 Penman, FAO-ppp-17 and
1996 Kimberly Penman overestimated the PM by 0.28, 0.52 and 0.14 mmd-! (averaged over six
sites), respectively, corresponding to 16.0%, 25.2% and 2.4%. In contrast, the FAO 24 underesti-
mated the PM by 0.17 mmd-! or -5.3%. Overall, daily ET, of the four methods differed significantly
from that of the PM, and their performance based on RMSE showed the order: FAO 24 > Pen63 >
Kpen > FAO-ppp-17, which varied among southern and northern sites: the 1963 Penman was the
best at northern sites and the FAO 24 was the best at southern sites. In addition, validity of the
1963 Penman was the best, and that of the FAO-ppp-17 was the poorest, implying the importance
to evaluate the latter before use. As a whole, the four methods performed poorer at the northern
sites than that at the southern ones, and they gave best performance at Shapingba and poorest at
Haerbin, meaning that the Penman and its derivative versions are more applicable in humid cli-
mates. Daily comparison at each month indicated that mean bias error (MBE) was larger at sum-
mer months and smaller at winter months, but it was opposite for relative error (RMBE). Total so-
lar radiation, net radiation and humidity are the most important factors influencing performance
of the four methods.
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SEEMERE (ET) MRS EREVM R AKETHNR., HITHWHSET T EENTKESEHRE
FIRFER, HERERE ENER. AXHHRERILEFEX AU SKEIE, LIFA0O 56 Penman-
Monteith (PM)AHR#E, PN T ERSME AR NMSEERERE. 42K W, 1963 Penman. FAO-
ppp-17:1996 Kimberly penman#i = f5iPM, 7E/NU5 M P HE140.28 mmd-1. 0.52 mmd-1/10.14
mmd-!, 2T 16.0%. 25.2%M12.4%; JTFAO 24 penmanf&fiPM, 7595 piF#)-0.17 mmd-1,
T-53%. BfFE, MMHEEEEPMENHEEZEREE. KIERMSECGY FIRIRE) VIS EEHFA:

FAO 24 > 1963 Penman > 1996 Kimberly penman > FAO-ppp-17, {EE. dt 5 SEZER: LA
1963 Penman5PMBRY] 4, B A iEAFAO 24 5PMB Y4 . H4h, 1963 Penmanf) & & IF, FAO-
ppp-17&E, BMNAMNEENEEE. UMEEEREI T ARIRE, £ ARE, HPED
FHUE MR, ERRIRERE, RPPenman:EHATENZMESRARESBETEARER. B
A HET B R, AXNEELEEZAMNER. £FAnBD, BHENXZENREZAGBR/D. £FH
WK . HHIIMEEREEPMERFIREBRE TR EIEN . FEN AR E.

XA

SHEAEY)ZEE, FAO-ppp-17, Penman-Monteith, Kimberly Penman, %42&%:, RIWFEZX
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TEVIZE R K &R R HK G R B G 4y, H A Z2Mile FB, (HbF A @, HET
SRR (ET, ) IR, RIEY REBORVAET B TTVALIUS 2 FIR, FEET BN EY K &
RGIMCAOPS: N

MR ORBIBRZRET L, G- Rh NELHT L, o84, R4 EE R N EEE A,
XL T LR o e A 2] [3)s Fe bk [4] IR 5] 61128 R IVL[7]. B aiEE ik 8E — 2 M,
H— A NPenmani 45 & 7 VEMG SRS 2 fe 17 [8], FAOW [l 4z Bk HE 7 7 Penman-Monteith (PM)%: it 5HET,

FIPRUE T 75[1]
ZEETRFET 1948 R H ) Penman [2] A R, uﬁ%ﬂw@%*ﬁ%ﬁﬂ%%m%‘ﬁﬁL4 B T
RIFFEKHEHAEK . G EEE 824, WEARIRAEELH . R a8 DLKRY

BB R B, B2 ETo ME kT, HSREGEE IR FRIGER, JEE— BT 24
hAs. 40, Dorenbos & Pruitt [9]% Penman 2 =X o X bg £ 1) et T2 BB 20 ) FAO 24 Penman; Frére
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& Popov [10]%} Penman =X i X R BB IERTA4E HH FAO-ppp-17 A3%; Monteith [3)3f it 51 XK HL it
JZ BT e 4 1 PM A 20 Wright & Jensen 753 B Kimberly, 1daho 5 Penman 24 3R 72746 H 1972,
1982 LA % 1996 Kimberly Penman 2 3 [11]-[13].

LEAEZ IR, EONTEBR R R TR, (R TER 2R R T R, N XX 2 pi A
BZAGL, LhrP i A GRS E, FEOTERNN R AT R WH, BT ST LA IRINR
M FIRA—5, ENZEIEITA[L4]. FSEAR[L5] K 5K SCRRL61 AT 78, [E 7135 Howell %5 [17].  Yoder
Z:[18] Nandagiri and Kovoor [19] (I 78 # S B 13X — pii o 1688 ] UG I T #F 7 45 SR A e, S
F5 R SEBR KB HAB THA L, 560 7 0] 7K B2 YA A} 27 1] 750 1 T4 B R o A SO A i L R L 3 7=
DX 7N AN Sl p I 604E AL, PPN T I AN I DI EE& 735, B TE R F /K SR K B 5 R4
RS %E,

2. MR EFHE
21 ZEAEELN

P 77542451963 Penman [20]. FAO-ppp-17 Penman. FAO 24 Penmanb 1996 Kimberly Pen-
man, 3B fEi R APen63. FAO-ppp-17. FAO 24 JxKpen. X875 y5#R LA /K B 4 ) A a0 2 57

1963 Penman L&A X [8] 4

A
A+y
RAET NS HIEZEBE (M Y); R, OAEFES (MIm2d™); G y-HIEHGEEMIM ™), ACH G =0;
A NBRKEE~SIRKRRZEKPAT™): y AT H(KPa'C™): K, NHAIE G 25 (=6.43) : a, -
b, ARBEEREG u, N2 miEE G ms™); e, v e, AT, SEZBR/KIRE (kPa).

FAO-ppp-17 [10] A XIS (DM, EREEBARBOVKI TR 2% (AT ) (05 BLek 4L

0.54 AT <12C
v :{0.54+0.35(AT ~12)/4 AT >12C

JET, = (R,—G)+ KWAL”(aW+bWu2)(es—ea) 1)

O]

FAO 2472Doorenbos & Pruitt [9]%fPenman 2 — MEIERA, HAMUAEH 1 5 U H) R R EL,
EEINTHEIERS . BAEAFN:

A
ET, =<:L+7(Rn —G)+A7;y2.7(1+0.864u2)(e5 —ea)} ®)

A e MTHEIR T A, BT B AR B RS ER I 4, B T2 H R R XU . J5 N S8 c AR Z &
1E, SUEHGBOREE 4. BRIUIEShr R c 2 LMENAZ, A c=1.
1996 Kimberly Penmant -2 [H1daho. Kimberly %, {3 F 1 I A8 () X R K 22 %k

J-170Y
=0.3+0.58exp| — .
aW + exp( ( 5 j ]

2
b, = O.32+0.54exp{—(‘] _6328j ]

4)

K I ~fEH.
FAO 56 PM [1]/& 7EJensenZ5 [8] A 7T 3t [, LI FAOE FK/NHHE [ S BRHEFE I J7 0. i 2Nt
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BRAEMULRE, AR SCRTA A DGR B S A B S B0 il R BHKPEFAO 5611 7741, SRS R 2L EIE
TFHET N e BB EA B, A SO E R R S50 4 508 F RS [21] IR B . 5T % /EPen63
IU{E0.25, FHAb 73459023, B TR IEMAER S5, S R, A WA FFAO 56, Hikit
HLLiu et al. [22]. b4k, ASFIZEETENT e, PITHE AR . FHARRAS S B PR B U5, I IIPM & Kpen
BB R =85 S - & AN S S [N T
2.3. R EEIE

TERETR DR A 3277 X 7S AN sl s 604F (1)K RAIEHE (1), BB /RIE. BEAF. . . ®
W BRIV, A HEEE AT . S RBER B R SRR, KE, HIR, FHHHE
L KAE, HPESSREAEE O,

2.4, WY FESRRF

T EToSZME SR A, FH— Rl 2 A B TR 7 9 25 1A e i [ b B 292, Hai 2
FAO 56 PM{ENFRUE[7]o ASSCHAE X R 772, PRI EHE R E R B R? . “FHRZEMBE. PR
ZRMBE. #7 i ZRMSELL K t iit&. Bk AR S Liuetal.[21].

3. R o
3.1. ZA%E5 PMBE ET L8

BILA DA LR AVETE AN o U ) HAS B SPMAG BRI LR . B0, Pen63 5PMI)—EtEiRly, £
P R 5 191(0.992~0.998), R} th fef#ir T-1(1.027~1.081). #J2, Kpen 5PMH—Eilh k2, {HEM/R
TR, Mk SFAO-ppp-175PMI— 8 i 2. EILIER I, BRFAO 24HPMAL EAE MK LASE, HiAth
=ROr AR, Tt LAFAO-ppp-17 i A 5™ H

Table 1. Characteristics of the studied sites

®L MRELER

L

3 44 SEIN KECE ERIm FRHEIR
FEKimm  RESC w2z C HIE/h A BE/%
W& IR 45.75 126.77 142.3 634 4.39 11.34 2528 66 1951~2010
58 K5% 43.78 87.62 917.9 267 7.57 10.27 2676 58 1955~2010
i % 39.80 116.47 313 588 12.48 10.81 2669 57 1951~2010
R 32.00 118.80 8.9 1061 16.10 8.67 2043 76 1951~2010
H W 30.62 114.13 23.1 1260 17.30 8.15 1964 77 1951~2010
VHEE 29.58 106.47 259.1 1096 18.94 6.60 1097 80 1952~2010
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Figure 1. Comparison of daily ET, between PM and combination methods
B 1. EToZE%S PM HHER AER R

REITGE ’
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ZEEvES PM BE LB RIS RHE(E (B 2)[FFER B, Pen63 K FAO-ppp-17 #iEfli PM, Al 1 &l
7 0.25~0.31 mmd ™ 2 [&], 7Nk A 0.28 mmd ™, AR RMBE 4 16.0%: J& 4 i i 7E 0.35~0.68 mmd *

Z ), ANANuh S 0.52
7F 0.02~0.19 mmd * 2 i,

AN =

N
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Figure 2. Statistics comparing daily ET, between PM and combination methods (Data pair is 20454~21915)
B 2. ETo4RE 7S PM BEEHLERIGIHFIEE (BUIER A A 20454~21915)

fiti PM, S £E-0.04~—0.38 mmd ' Z [], /NANufi AT H8-0.17 mmd ™, AR RMBE N-5.3%. w0, &
# MBE J2 RMBE [J$EF iy Kpen > FAO 24 > Pen63 > FAO-ppp-17.

SR, M4 RMSE(E 2¢) Lk HEF & 428 k. Hrk FAO 24 R PIEAF, RMSE N 0.14~0.64 mmd ™,
FNUE AR 0.32 mmd ™ JLYKCH Pen63, RMSE Jy 0.28~0.36mmd *, “F1J 0.33 mmd ™, 5 FAO 24 #z 4%
s FFUCA Kpen, RMSE 4 0.24~0.47 mmd 2, *F 0.37 mmd™; FAO-ppp-17 £ %, RMSE & 0.40~1.08
mmd™, 74 0.69 mmd™, HFHITEM/RIE, RMSE ik 1.08 mmd ™. F TR KAl 5 0 At A A KT
EH, T REUR/MY MBE, XS TEZRIFLIERZR. Bk RMSE BT 5] 5.

PURhZREVEREEPEA ], Horb Pen63 [ Kpen T FAO-ppp-17 [ FAO 24, iX M\ RMBE 1 RMSE
FEAN [ 3l 25 (R B S e oK . Pen63 75 B FH 8UR B i 5 e 220 1 RMBE 437114 15%F11 16.3%, RMSE
594 0.28 F110.36 mmd™; Kpen 7E 1 FH AU i 5 #5236 25 ) RMBE 4351 4—0.1%- 4.9%, RMSE 4%
574 0.24, 0.47 mmd s PANEERAE S, SR BB EhE /N . AR, FAO-ppp-17 75N R B i 5 5 2 3k o5
f) RMBE 4 %4 19.7%. 33.4%, RMSE 7354 0.40. 1.08 mmd™; FAO 24 7 N FH R fe i 5 e 22 v 15
f RMBE 7371 °9—0.1%. —10.2%, RMSE 7354 0.14, 0.64 mmd™, PIANEARAERS &5 18] 1 5h K
U, ff AT FAO-ppp-17 & FAO 24 [ B N B 2,

BT AR A 22 5, R VRIS I M I ZE R . Bl Pen63 TE 5 B RS B RCR B i, TE
Jbnit % FAO-ppp-17 FEVPFFUIN FHRBUR S, #EMG /RIR I % : FAO 24 fEVDIFIIN RO S tif, £ 5
BT Z: Kpen TEALH M RO RAF, ESEAFRE. MARRIIMN S, 675k 5 Kpen & H
BhF, P14 MBE Al RMBE 435125 0.13 mmd ™. —0.02%; i g 53 £ FAO 24 3 F e, T4 MBE
A1 RMBE 73 %1°8-0.06 mmd ™. —1.14%. {EE4K F, B4 arik e m Jr ol s g AR Ty, Hb e
IR ILE AT, ARG RIS R ZE . AT 0L, Penman £ S AT AR H 1 22 B AR B I FH T Ui o t
B(E 20d)®M, WUFEGEESE PM [ ET, HEZ R B%. HAEJLE Kepn 5 PM LR EE R
(t=13<ty =1.645) .

3.2. B&E5PMBZEAR ET BB

Nt TR AS PM EARE AR ESR, EARRELS. F— 00 HEEBGFEA D . &
H MBE([¥ 3a~F 3f)3& ], Pen63 K& FAO-ppp-17 7E AT Wi s BTE At &l =il PM,  H 53 e &l
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Figure 3. Monthly MBE, RMBE and t-test for daily values of PM and combination methods
3. ET A& %ES PM BIELERAIZE A MBE. RMBE X t 116

MR Wl sl S, (EPG/RIE Sl iR ™ HE, HORdb. &R M, mE 7l sl m b EE .
PAMT S, 4~6 A @ik, HLL5 AR, 0 Pen63 AR /RIE. L& AT, Jbuisr BTl 0.49.
0.43. 0.44 mmd™, FAO-ppp-17 7EiX Lyl &1 5 H ) il & 1A %) 1.68. 1.05. 1.24 mmd™'; 5 F{ Pen63
R, B VBRI A E S 0,40, 0.35. 0.31 mmd™t, FAO-ppp-17 M= 0.66. 0.51. 0.43 mmd .
FAO 24 LMEAE A E, HAER 7ok pURAEIEEEIR /N, £245-0.0 mmd™ LAY (HIEJLTT (/R LRtk
B, HAPRAskR 5 A N-047 mmd ™Yy ESEATFIRAMEL, £51-0.60~0.88 mmd ™", Hi# KKk
5/MH(5~9 H), Hrf 8 M iflifi K. Kpen WEEA . WA A6, HEfl G2 EEEE, (K6
AR a4, B, Kpen B &l B R T HARMIREE, Hod 7 Ak, Bt gk S8 MBE K
YCN: 0.74. 0.90. 0.59. 0.59. 0.56. 0.46 mmd ™, #HN RMBE y 12.8~18.8%.

M RMBE K&, Zi&ES PM HMEZEREF A A U (K 3g~Kl 3l), H 6~8 A/, &FH4
R, XA NAZE A0 ETo AHXTR/INE B« Fo Pen63 7EMG /R JLEL 6 H RMBE H/)h, 4 12%.
9.4%; TESEATI 8 A/, N 6.1%; fER 77 A/, N 9.6%~9.9%. Pen63 7L FTf i ki1
1~3 K 11~12 H 4y FAO-ppp-17 TEATA 3k A1 1~4 J2 10~12 A4 B sl FEE 2 4F 20% LA |- . FAO-ppp-17
TEFTA Sl s (1) 7 FAARAS 550/, 7 13.0%~17.6% 2 8], H H AR A IR/ . FAO 24 155 77 35k s AR A
AR, ZTES5%LUN, HIARZ AR 2%; MirEdbyysh £ 3~9 AR 2 7E 10% LA, (55 E A5 2 4
4h. Kpen 5 PM HIEZSEH AR NE S, Hrb 6~9 A& E, B mirr 10%-~19%2 [, i
AT A RAG 2 E, RERIAEAL Tl s, A B -30%.

EAE PM IZE A FE HLEE ¢ 456 (&] 3m~& 3r) iR, Pen63 M2 FAO-ppp-17 5 PM 7E FT A bl 55 ()
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Figure 4. Correlations of difference for ET, between PM and combination methods with meteorological variables
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