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Bk BT, MR MIRET . kEBSPE%) 7h R
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2 EREHH

2.1 BB

KA M-K 348 56756 K3 1954—2018 4= 4&
65 a ZEBUR & A& 20 em 78 KR ML B K i) 1)
FEHI A, DU SAARBR AR A AT R,
SRR 1. HEHIFEEAFERERKAESH 65 a K
(7 FII AT R AR AL DA 5 a i 3l P4 T 26 (1 2D

% 1 K323k 1954—2018 4 ETo. T 47 Epo 89 M-K £231H1A

Table 1 Dali meteorological station’s M-K statistics of ET, in 1954—2018
FEARBRAR AL
s HB:  1954—2018 £
1960—1969 4 1970—19794 1980~ 19894  1990—1999 4 200020094  2010—2018 4

AAE 0.07* -1.07* -0.36* -1.25 1.61 0.89* -1.97

= 1.58* -1.25* 0.00 0.18 1.25 1.25% -0.54

ETo = -0.70 -0.54* -0.18* 0.18 0.54* 1.07* -0.89
K -2.53 -0.72* -1.07* -1.25 0.36 -0.36* -2.50*

% -0.65 0.72 0.72* 0.72 0.72 0.89* -1.97

A4 313 -0.72 -0.36 0.18 1.97 1.61 -1.07

# 2.60 -1.07 0.00 0.18 1.25 0.98 0.72

T =2 1.92 -0.36 0.00 0.36 0.00 1.43 -0.18
77N 2.79 -1.25 -1.61 -0.72 0.72 0.72 0.00

% 2.67 0.54 0.36 -0.36 0.89 2.15 0.00

LA -5.46 0.00 0.00 -1.07 0.72 -0.36 -0.18

# -4.84 0.00 0.18 0.54 0.72 -1.07 0.36

Epan ] -2.90 0.18 0.27 0.18 -0.36 0.00 0.00
K -0.77 0.00 -0.36 -2.68 0.00 0.00 0.72

% -5.10 0.72 0.00 -1.61 0.89 0.36 -1.34

EOOAHBERRHR.
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1954—2018 FKH a7 5 M-K Fiit{E R 0.07, 2
TR, {HER 1990 £ 2000 452 BTSN, H
FEMAZ TS, hK2 &N, BEE ETHEH.
SIRE M-K GiiHE R 3.13, & ETHES, HIHAM bR

it 0.05 KRR, 1960, 1970 4E K 2010 4EELF
e, B 2 irEH, BIRRE TG L.
20 cm AR MR KB M-K GiiHE N-5.46, % i
#, HHAMb@ER 0.05 EZ MR, R 1990 4
£ BT, R HIFmE L WA, AR FEE.
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Fig.3 1954—2018 mutation analysis of ET,. temperature and evaporation capacity of 20 cm evaporating dish

2.3 &EH ET, UM A& Lo
231 KHA “EAMER” 1T
D ARG T 2 Je 2 M RARIALE (ETo metr)
REINZERMZE KT, 77 (R EeTh 5, 4%
p=5%. 25%. 50%. 75%. 97% (& 1 ZHAI4E) iy
XF N fF) 1993, 1987. 1996. 1986. 2012 4E4L 5 a 1%
P N 2 P AT I0E . MR RRER S ETo 4k
PEENEARRY, HA R ZRT ETo 5200 1) 535 1 J FAs

RFRIAR R 2. R 3 NAFIKSCHERAT RN ETo,
HERESERIZ H P ETy (MENARERD 475 E
SR, K Copula BXG 70 AT ek BB ALV 25 SR —
I GEN ETocop) - HIFR 3 AI%N, 2 LA
AR, HAXHRZE/NT 10%. 15%. 20%. 25%f
FE A b ) 3 A B 2 2 o0 S 1k IR VA A AL A T
Copula Bt 7 A7 R B

22 EARREFLETRFWS ET W2 FHER (F 1ARAF)

Table 2 Significant results of influence of meteorological factors on ETin different years (Typical year of the first group)

ETE S
BRI 1% AR
T n RH u

5 0.821 0.129 0.02 0.027 ET(=0.245T o+0.165n+0.21S,,-0.022p+0.027P+0.675
25 0.862 0.102 0.029 0.005 ETo=0.249TA+0.162n+0.106S,,-0.029p+0.021P+1.34
50 0.826 0.121 0.029 0.016 ET=0.264TA+0.175n+0.155S,,-0.026p+0.03P+0.66

75 0.875 0.074 0.039 0.011 ETo=0.236TA+0.153n+0.134S,,-0.029p+0.016P+1.235
97 0.853 - 0.11 0.037 ET0=0.283Tx+0.233S,,-0.032p+1.674

T RP EToMHARUL, Ei920em Z&RMAKE, o BIREE, Ta9 Ui, SwANGE, nAHEE, P kK.

% 3 ET fAMEL L IREM A AT (F 1aBAF)

Table 3 Statistical table of accuracy of ET, predicted value and ET, actual value (Typical year of the first group)

R 7K AT 1% L SIhi ERR<10% ERR<15% ERR<20% ERR<25% ERR<30% ME RMSE IA  NSE
[EVER: Lt 72.05% 84.93% 93.97% 96.44% 97.81% 038 037 098 093

° T-Tmax Copula H7H 71.64% 84.59% 94.39% 97.62% 98.40%  0.17 0.64 099 093
[EIVEE: Lt 73.97% 86.58% 93.42% 96.71% 98.90% 046 036 0.98 0.94

% T-Tmax Copula F7H 61.37% 86.71% 87.95% 95.07% 98.36%  0.16 054 099 098

[E] YA Y 77.87% 90.16% 97.27% 98.36% 98.91% 004 035 096 0.87

%0 T-Tmax Copula 7] 57.81% 81.23% 84.93% 91.78% 97.53% 025 059  0.99 093
EPEE 80.00% 89.32% 96.16% 97.81% 98.36%  0.65 038 099 0.95

K T-Tmex Copula 7 58.49% 77.12% 80.55% 89.32% 94.79% 030 0.64 098 0.90
EPEE 61.64% 79.18% 89.32% 94.79% 97.81% 011 057 095 081

o T-Tmex Copula 7 77.70% 82.46% 86.94% 95.33% 97.16% 0.2 063 099 0091

2) ZERINPTH RE K BB (EToxp) RGEAE N FA R A SORIERT AT, %M Ao

B IR RI KmETofEpane 4532 BRH
Ko 1 S BRI, LS 95 FLARAHIZ A 2 m g A
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K,=0.79+3.4110°RH-4.5510*u,RH-3x10"°u,F+3.27 <10 %u,In(F)-3.89 10 %u,>dn(86.4u,)
-0.010 6In(86.4u,)In(F)+6.3<10™[In(F)]*In(86.4u,),

X K BUOAZERIMARG Uy 09 2 mos BEAR X

RH XL F VA RAEYTIOREE, 20 cm 7%
22 & 55 i 2 2 25 KT Class-A RUZKK I, 52 F
RN, F LG 20 mo TN 45 R S iR WK
4o FLAI S5 R SR EA LR 2 Ju 2 i Bl AR A0k
ETo AT BN ROR LT, XA BEAE i Tz s AL 7 Tl

BT 7 AR ETo T, 45K EoR, xR
72 <10%IMFEARZIE N E] 45%. <15%MIAEAE N
55%. <20%MIFEARKN 76.7%. <25%[IFEAHCN
90%. <30%IHIFEAKCN 95%. A%, iZERLE
HREE L/ ETo ARG BER S, (AL H R B0l
FERK, T RS S BT R sl XUTHEAE P 4 s () R R AR

IR RN ANIE ], it — B8R, X Z e, i R v X /N S 520 B
k4 KyARRmArH ZHARA ET AAMEE R IMEMH AR (F 1AaRiF)

Table 4 Statistical table of accuracy of ET, predicted value and ET, actual value of conversion

coefficient model of K, evaporating dish (Typical year of the first group)

R /K5 1% IRR<10% IRR<15% IRR<20% IRR<25% IRR<30% ME RMSE 1A NSE
5 36.16% 50.41% 58.90% 68.22% 74.52% -0.04 1.07 0.87 0.39
25 34.25% 50.14% 63.56% 70.68% 75.07% 0.70 1.17 0.87 0.31
50 37.81% 52.60% 60.82% 69.32% 75.07% 0.72 111 0.85 0.30
75 39.45% 55.07% 66.30% 74.79% 81.64% 0.35 1.05 0.90 0.56
97 27.67% 41.92% 55.34% 66.30% 75.89% 1.58 1.25 0.84 0.35

£5 5 ALREERRFNH ETy YL EHREE GIA Ep)

Table5 Significant results of influence of meteorological factors on ET, in different years (introduce Epg,)

BEME
FEAAR/% H
T Epan u n
5 0.37 0.13 0.23 0.18 ETo=0.155E; +0.21 S,, +0.098n+0.305 Ta +0.019P-1.138
25 0.23 0.5 0.03 0.13 ETo=0.198E,+0.228 T, +0.069n+0.026P+0.059 S,, -0.954
50 0.73 0.03 0.05 0.15 ETo=0.14 E; +0.131n+0.141 S,, + 0.224 Ta +0.024P-0.011p-0.201
75 0.43 0.11 0.14 0.15 ET,=0.125 E; +0.076n+0.126 S, +0.166 Ta -0.0165+0.053
97 0.853 0.037 ET0=0.283 Ta +0.233 Sy -0.032p+1.674
%6 EToMAMLL EIREH %t (51N Epn)
Table 6 Statistical table of accuracy of predicted value and actual value (introduce Ep,,)
R 7K A1 % L SIhi IRR<10%  IRR<15% IRR<20% IRR<25% IRR<30% ME  RMSE IA NSE
EPEE 75.07% 89.59% 95.89% 97.26% 98.36% 030  0.33 0.99 0.94
° T- Epan Copula 17 59.50% 84.20% 92.10% 96.40% 98.66%  -0.12 052 0.96 0.87
[l Y 2 82.19% 93.97% 96.99% 99.18% 99.45%  0.09  0.30 0.99 0.96
2 T- Epan Copula 17 65.21% 86.32% 92.10% 97.00% 98.90%  -0.15  0.44 0.98 0.91
E] Y A7 79.78% 92.35% 96.45% 98.63% 98.63%  -0.11  0.48 0.97 0.88
%0 T- Epan Copula 157 60.70% 88.52% 91.00% 95.60% 98.60%  -0.22 053 0.95 0.84
[EVEg L] 79.18% 91.51% 95.34% 97.53% 98.63% 0.39 0.35 0.99 0.95
" T- Epan Copula 17 60.80% 79.52% 86.30% 94.80% 97.00%  -0.22 056 0.97 0.88
[EVEE: Lt 61.64% 79.18% 89.32% 94.79% 97.81% 0108  0.56 0.95 0.81
o T- Epan Copula #7 59.70% 81.25% 88.30% 94.80% 97.23%  -0.19 063 0.95 0.84
3) M Epan EHIZ TCRIAREANE (ETogpansmer)  TRIEZEH ETo, FFREATIRZE T, S5RWME 5. £ 6

MRHEBE SRR T BRI K SIEH ETo M2k
PERA MG #5 20 cm ZER MR KBS IR T
FAERAN, SR 2 e MR T AR B S 4

Jfios e WEEER 3 R GIN Epan BT BISE S, ARG 5 5L
TG RS BE AP TE. 7 N4/ S 2 T2 04k
PEENRERE (ETomer) ~ T-Tmax —-4E Copula B A7)
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AT R IE (ETocop) ~ ZAKIMTH RE K, B
% (EToxp) FHIAN Epan J5 112 70 [0] 9 55 B 2
(ETogpan+metr) 5 4 PRIV, BT RTAR SR AR
& H ETo B, AH5Fi5% % ERR /T 10%. 15%- 20%
F25%IFEA R L. HHER 7 WK1, TERHIBL “Z K
P27 IR, N Epan J5 10 2 J0 8] V3 45 84 355
(ETogpansmer) FTE TN ETo FITRINES S5 hrEE ]
PR ZE RN, HUCH AR R R T2 Sk P [ A
B (ETomer) » SZMINZERIATH R K, B8
1% (ETokp) o I TH, ZEXFHUI T-Trax —-4E Copula
WeEr o3 A R B (ETocop) TR AL SR A e 42
DRI E .
2.32 HAE KR
RNITAETR, %4 p=7%. 37%. 47%. 77%- 95%
(25 2 HMAAE, AT “ZERMRIR7 WD BRI
2000. 2016. 2001. 2003. 1960 3L 5 a F%RE T A
R 2 AT IIE . MRS RN RS ETo ZtERIA
B, HARRZN ETo sl i 5l 25 1 B WL 3% 8.
HE I FEH, £ “ZARER” M, ZKMEKS
[FHA ETo (&AM R, RERMABIEER T-Thax
— 4k Copula 5% (A ETgcop) » LTI th 2
Eim T2 R E AR,

A7 AFEH ET, MR AE 4R R £ &1L
Table 7 Relative error ratio of four daily ET, prediction models

%5?;% BB IRR<10% IRR<15% IRR<20%  IRR<25%

ETowmer 72.05 84.93 93.97 96.44

ETo,copl 71.64 84.59 94.39 97.62

° ETokp 36.16 50.41 58.90 68.22
ETogpansmetr ~ 75.07 89.59 95.89 97.26

ETomer 73.97 86.58 93.42 96.71

ETocopl 61.37 86.71 87.95 95.07

2 EToxp 34.25 50.14 63.56 70.68
ETogpansmetr ~ 82.19 93.97 96.99 99.18

ETomer 77.87 90.16 97.27 98.36

ETocopl 57.81 81.23 84.93 91.78

% ETokp 37.81 52.60 60.82 69.32
ETogpansmetr 7978 92.35 96.45 98.63

ETometr 80.00 89.32 96.16 97.81

ETocopl 58.49 77.12 80.55 89.32

K ETokp 39.45 55.07 66.30 74.79
ETogpansmetr  79.18 91.51 95.34 97.53

ETomerr 61.64 79.18 89.32 94.79

ETocopl 77.70 82.46 86.94 95.33

% ETokp 27.67 41.92 55.34 66.30
ETogpmmer  61.64 79.18 89.32 94.79

28 BARREARRFOMNET Hrh B FHER (F 24880 F)

Table 8 Significant results of influence of meteorological factors on ET, in different years (Typical year of the second group)

BEMH
R K AT/ % e ut
T n RH u
7 0.847 0.098 0.022 0.027 0.006 ET0=0.256Ta+0.15n+0.221S,,-0.022p+0.019P+0.552
37 0.911 - 0.069 0.02 ET(=0.218Ta+0.2135,-0.029p+2.6
47 0.658 - 0.324 - 0.018 ET0=0.214Ta-0.045p+0.044P+4.213
77 0.699 - 0.27 - 0.031 ET0=0.234TA-0.048p+0.073P+4.026
95 0.843 0.078 0.034 0.044 ET¢=0.283Ta+0.137n+0.2415w-0.023p+0.033P+0.226
% 9 & B ET,HMMAL F IREH B % (F 2 A F)
Table 9 Statistical table of accuracy of ET, predicted value and ET, actual value
R 7K A% 1% [EithirE IRR<10% IRR<15%  IRR<20%  IRR<25%  IRR<30% ME  RMSE IA NSE
[EE i 75.62% 81.23% 94.79% 98.36% 99.45% 0.73 035 098 0.93
! T-Tmax Copula 57 77.43% 86.56% 92.95% 98.52% 99.63% 0.28 056 099 091
[EVEE 2 51.51% 67.67% 81.92% 87.67% 93.42% -1.04 062 093 0.76
o T-Tmex Copula 578 75.89% 78.44% 84.79% 95.75% 96.05% 0.41 068 097 0.86
[EYEE 50.41% 67.67% 78.90% 85.21% 91.78% 0.21 073 089 0.66
47 T-Tmax Copula 57 68.36% 73.70% 83.04% 93.29% 95.58% 0.24 061 098 0.90
[e] A 47.40% 64.66% 78.63% 86.30% 91.78%  -045 078 089 067
" T-Tmax Copula 57 66.16% 76.71% 85.34% 94.66% 95.81% 0.25 061 099 0.90
I Y Y 74.32% 86.89% 92.35% 95.90% 97.54% -1.42 044 096 084
® T-Tmax Copula 57 74.10% 79.95% 82.51% 89.89% 97.16% 0.18 060 098 0.90
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39 it

“HERER MERSWTPERA MY
1981—2011 4FAK I A Fp 411 4L 52 ANk h )R B 5o
2 P8 RS X “ 2R AR 7 AR 45 R A AR ],
CERARRT A To SR T B R HCE OG, K
BB AT 51 ] B 2 25 40 BT B “ 28 R AT 7 LA

MUK R . 20 om Z& KR L2 K B AR IR AR
(RIIFRIAN [F] 22, 3% AT e T2 28 UK &80 20 em
AR MZE R R = AMCE e, 185 HIE L FEi.
B R % 22 PR 2 O, it PP i SR 2 11
AABURHI T, R IR T B A2 78 PE 28 HIUR Bk /N )
FERIER: RIS, RS Ta] g/ N3 K B ) 3
ST TR R 2 W e IR 1 S E 2SO B B SRR R
553 b el RAH— 2.

ST F S AR R B ETo 022 04 M [n] YA A% Y
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“EREW 5)UMITHEINEMYS G, RBER B
“CTERNFR B R G AR VR, T 7
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B AT TN -

4 45
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Calculating Daily Reference Evapotranspiration in Erhai Irrigated
District with the Evaporation Paradox in Consideration

ZHAO Zhong', ZHOU Mi?*®, ZHANG Liudong®, GU Shixiang™ **, LI Jing",
(1. Key Laboratory of Water Security and Water Saving and Emission Reduction in Yunnan Agricultural University, Kunming 650021, China;
2. Yunnan Institute for Investigation Design and Research of Water Resources & Hydropower Engineering, Kunming 650021, China;

3. State Key Laboratory of Water Resources and Hydropower Engineering Science, Wuhan University, Wuhan 430072, China)

Abstract: [Background] Evapotranspiration (ET) is an important process in the hydrological cycle and has been
increasing, as shown by both field measurements and satellite remote sensing, at 0.63 mm/year over the past 30 years
due to the increased leaf area index which resulted in a 0.72 mm increase in transpiration. In contrast, evaporation
from soil has been decreasing at 0.32 mm/year, a phenomenon known as evaporation paradox. [ Objective] The
purpose of this paper is to compare the daily reference evapotranspiration (ET,) calculated from the
Penman-Monteith formula with the evaporation paradox in consideration with data measured from a 20cm pan in the
Erhai lake irrigation district after modifying the measurements by a pan conversion coefficient. [ Method]

Meteorological data measured from Dali weather station at upper stretch of the Erhai Lake irrigation district in
central Yunnan plateau was used to analyze the occurrence of the evaporation paradox. We then predicted ET, using
four models: linear regressions using the meteorological factors only, multiplying measurements from the 20cm pan
by a pan conversion coefficient, multiple regression model using the meteorological factors in combination with the
pan measurements, and the normal copula model. The ET, predicted by these models was compared with that
calculated from the Penman- Monteith formula. [Result] (DData measured from the 20 cm evaporation pan showed
that the evaporation had been in decline from 1954 to 2018, while ET, and temperature had been in increase
although the former did not increase as fast as the latter. ET, and evaporation measured from the pan trend with time
in opposite ways, but the difference between their annual means was not significant. Both seasonal and annual
average evaporations showed paradox in the 1960s and the 2000s, while in the 1970s only did the annual average
evaporation and seasonal average evaporation in summer, autumn and winter showed paradox. In the 1990s and
2010s, the paradox occurred only seasonally in summer and autumn, respectively. @Without the evaporation
paradox, the daily ET, predicted by the multiple regression model using both the meteorological factors and the pan
measurements was most accurate compared to the standard ET,, followed by the linear regression model using the
meteorological factors only; the worst was that calculated by multiplying the pan measurements by a pan conversion
coefficient. Among all data we calculated by the model considering both the pan measurements and the
meteorological factors, the fractions that have relative errors less than 15%, 20% and 25% were 79.18%~90.16%,
89.32%~97.23%, 94.79%~98.36%, respectively. @ In the presence of evaporation paradox, the evaporation
measured from the pan and the ET, trended differently with time, and the ET, can only be calculated using the
copula joint distribution function model. The constructed T-T.x model was most accurate, and among all data
calculated using it, the fractions that have relative errors less than 15%, 20% and 25% were 73.70%~86.56%,
82.51%~92.95%, 89.89%~98.52%, respectively. [ Conclusion] We used the M-K test to determine the presence of
evaporation paradox. We proved that in the absence of the paradox, the multiple regression model considering both
meteorological factors and the pan measurements worked better, while in the presence of the paradox, the T-Tax
two-dimensional normal copula model was most accurate for predicting ETp.

Key words: ETy; pan evaporation; Mann-Kendall test; Copula function; Erhai irrigated district
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