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ETERDTTTNEERAKER A ERBEREWERIE

TR EREY AR, aEHET, RERNS L2380 K FEL EAMKS
(LA T RMALFIE FREERRFA LT, x 100097; 2.7 F & Kb K5
PREFRFBFR AEFALELEREEASPTRELERE, %4 010018;
BPERLEKRF BEFR, b 100094; 4.7 s RyAHE %, &KAE 050051)

M OE:[Aw] FHEREARCRETHREEALE (E). [FE] ATEEA 2020 45 2022 4 3—7 A ey5=aK
@EAE (E) 5L, RAIRSIIE B, ¥R ELToM, ANRIEGIRYS E, Mg S 1w
JaREAL et RATRGE. [ R ] XB A E, X eT M ey e K 2 FAA2 4, 2020 43 A 5 2022 4 3 A 4
Ep H-F34165 414 1.84mm 5 1.94 mm, 6 A% A3 E 3.77mm 5 515 mm; 24, B A ERE LR T Kd &
REWR S EEHLE, A PLSARBHERKBRRLSHOMANMRS, BXFEHKH 0852 (P<0.01), HkH K
BAt5RE, MXEKS AN 0811 5-0770 (P<0.01). F—Fmo MK, A 6H MFaHARE A3 Kd &
REHRBKR, HIEEH 444, AT KARHTKARLXZYRAR, B0 F7HKS, 50328 BELHLEAHK
RBAkZ, B FHoHN 0311 50321, AT ERSSMERZEZTREARLEHEIRE, KOAXEHIMAE
FME S F E A% (P<0.01), 74248 % & $ R? % 0.908, MBE # 0.10, RMSE # 0.48 mm/d, — £ 1k 4% £ 42 % (d=0.94) .
[Z56] BRERARFRET RSN, LEAMEHERES KEEARZH RS,

X R BE; KBEAKE; LEEE; STEAMN; TRSTN

FESES: P332.2 XEFRERS: A doi: 10.13522/j.cnki.ggps.2022543

OSID: sy

ER, R, BN, F BTERSSMNEREAKEZELEGEERGEREIEN]. ERHDKFR, 2023, 42(5):
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BIRZER MK, TR B shFRm L ) &R
SR B A A T . AR S R SR B (1 B
BAR, ZITIE TR IR AR ST Ep B
HS5IF, BARMTEET . AR AN, gy
R Ep AR, S6f i) g By BB A L
KBRS BA 1y R E P, [ FeikE ]
H A, Ep fli SR 3 BALRRZ 56 0 SR AL 5 HLEE A
AL, LA BRI GE A BN R A, AR T
R, AR EPHR TR -K YRR S BRI A,
BRI T KA ZR i KR T P2 AR BRI, DA A
L KR ARSI R K I AR R . 20
ASIEREE 2 2, —RFERM., KGR
JR BRI RE B0 A W FERAG 5 Ep, 19120 Penman 3£
SR, R DLRGE . KPR S AR
RS2 43 3%, 4]0 Blaney-Criddle 24 2,
150 22 Pt 252 128 A R vl 16 7 T 6 S5 1 671 45 7K T A 3
TSI 2 AN SEOHATIB IR, BX R RIS
T URGE P8R KR RN EE S RE A T4
Il (1 Ep BT A5 T 7L Blaney-Criddle 2 2 g%
R, B TREEA. W, HIOE,Z%ER, HE,
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HRE TR R A SR A R TR A BT v 5 3 R T o 3 K
A1 78 RO A2 AR R KPR ST 1) i R R A s i
B TR KIRIEZE . K AHE SRR T
(K] Ep i AR, Jafari ZE0R B 0 B3k, 2o
TETXE. BE. KAEZESEETFMN E, i
R, ERE R T Im s s [ e R i
BT o HTiE, I 2[R F 2 MR 3 /N sy
VERAS &, 5 H ) PCA-BP #1448 B i A ks
FEE . DI AUY KSR BUK T 28 K & =2 iR = N K
UL R 28R P A5 A L ) 55 2 0 o w2
AT, Ep A SRS (I 70 32 B X 8 RIAEE, ke Rk
TENT BRI SH, HXHRE CRIAEE T E, A
TR A . DU B M R ] Rk, A5
I A 75 A MUK HR S, 43 BT FLAE IR 5 N C AR
B RS, R B AR AR
E, EZERZE, S35 E, kR, it
T N7 3T 32 B AR 35 A 7K T 78 R i B AR TR 56
E, MR = K RE B AN SR O P R AR 2 B SR
1 RES5FHE
1.1 RIE X

RIET 2020 5 2022 1 3—7 HAEILR TR
MEFEEBE =1 2 Vs =1 R . iWl5iR =t
Ef, K39m. %11 m, RIA BT =IEB L IR
EMEENE. RIGREM T RS 116299 Jb4
39.94% g4k 56 m, IS 11.1 °C, %
/KA 500~600 mm. %X JE Hi A [y KRR X
Al IMENFECHERL, HIREENSMES, M
K 0,

WRIGIA R A E Y AT, 2020 4E3 H 1 H&E
1, 2020 4 7 H 15 HWt3k, 2022 4F 3 H 3 HiEH,
2022 4 7 H 15 HUSk. MKIEEAE 20 cm 78 & M
SEI KT 728 KB 800k 47 e K, WK A 391 A
7~10d. HEEAE T AR AR, SR AR A
X, FFEEETE 0.75m, =04 m, fEEFE 247, BREE
N 045 m, 1T#E4 05 m, 46X IEEAHUAE 30 000
kg/hm?, ARG TELE T AT TEIERH 0 (ND © w(PyOs) :
w(K,0)=3 : 1 6)3 I, X4 AitE &N 75 kg/lhm®.
1.2 BIRB S5

K H Excel 2016 AR M ¥, FIH SPSS
20.0 MR GHEARIAT F B 0T, Bk R SoKTH
AREWATZ ICEIE M. [RIR A 3 07 R 2
(RMSE). “F¥Jfw% (MBE) S5—#it4a% (d) %%
T o it RN SR 1) 75 & FEREAT e it 0 AT . i
7 RMSE #/]N, MBE #dZir 0, —Eiihiehs d koKX,
JUECEPRE S 57 so

1.3 HURADIZELS S

FIF 2020 43 A 1 H—7 A 15 HSzilz H /K
R AR G B YRITR R KT 28 R AR
SR 2R, FRESIAAY; ] 2022 4F 3 H 2 H—7
A 15 H PR B 3T A A5G
131 KBERE

FIFH B4R 20 om FIHRR 5 ks v 28 R L) 5 7K
i 28 K B (Ep), 28 R MLA Tl 2 e, 6 24 0.1 mm,
A 10 min W& 1 KEE .
132 A %%HE

SEHFERFETRENDNES RS (H5
AG1000, EEAEF), KRN TREFg, W
ROEFEPHAE (T, HEASMESE ThadTmin)
K FEFESS (R B 25 5 (PARD FIAH XTI £E (RH)D,
B RAEMBE A 10 min, B FAO-56 HE# kit &
WHIKSEZ (vPD) DO,
1.4 HARFE
141 5T EEB,H

“LEILEMN” HRET 1934 FREM, Rigg
PERNABRY ) 2 DN AR T2 8], A71E s A
R FR o SRR SRR G A ) A A =,
FEEAL e L DLERf (G T S (8 B A )
BF T 5LPRIE AR, (AR (1) AR B AT 2
A LR

CWr 2 AL, S 0 IE N T Z KR
T (VIE) Y, fEZSTEAs, W kAN EAR R
X1s Xos =005 X JI:

1
1-R°

R X B 5 HAl k-1 /> B AR A 1 A
FH. VIF=1, MIERHALE X 5HAM k-1 NEHEE
ZIABAT IR R, — BB TR, 4 vIF=
10 I H AR 2 A BON M B IL 4, H VIF E
R, LBk .

AR VIF (8%, B 24E (TOL) ¥k
Xof [l Y= ABE 2R (1) SR 2R M 3347 33— D4R

TOL=1-R?. 2

TOL MHUELE 0~1 2 [i], — M\ iz 0,
Wi A AR B (A (1 FE2 P ERi
142 M4 EYa

F A EA R MassyPU T 1965 AE4 H 1 —Fifig
W22 B L 2R ) L T 1 o AR B R SRR 2 A
HARIEE LA S, B RDEIA T8, RE
s B 5RA EE S mIA R, RIEERS5E
BEKR, REETEALEREABE,

VIF= (D
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143 AP AT

TSN ST S oL B 4 2 AR B A L
NEAMRKAR R, HBEARAN:

XF KA E Xys o5 X n DRIFIAEA

B
X X Xig
X= X:21 X:22 X:Zk (X, X, o XD (3)
‘X:nl ‘X:nZ AX:nk

B KA TINAS 255 N p MR R (ZRA A E)
EI
Fi=a Xitap Xt +ay X,
Fy=aynXitapXyt-tayX, (4)

Fp:aple +ap2X2+- . -+akak

BRI 2 : OF F A G4, i, j=1, 2, -,
p): @Fy M7 2>F, M7 2>F, (77 %, LALSHE;
@ai+ap++ai=l (j=1, 2, -, k). BB F
N =TT, Fo N FRr, PR, a, 50k
TG R EL

36 B A B AN EOICER 3 a3 1 R T 22 DTk
B, WFIERT TR KT 85% L EAE Ty, X

B B oy A AR B T ECR I T RS R, b TR
B, MR e
144 % w35t
% T IE R AR AT R — AR Y 5 2 e
2L R EX,, Xy, o, X, Z[BE S AAER E 1
BRER R, HFREA BN
Y=ay+a, X;++a, X, (5
X agNENEERG a0 a, ABEIEHREG Y N
, AR, X NEZE; pNiRZED.

2 HBRESM

2.1 A HEKEA A ETLNE

K] 174 2020 475 2022 AR50 A1 K T 2% K B (Ep)
(3% HARL U . = P B, 4 AR AL I — 21, 2020
AN 2022 FIREN Ep FIARTE 57 0.19~6.85
mm F1 0.37~7.01 mm, E, ¥J{E7373) 7y 3.32 mm Al 3.27
mm. BEEIGE K B, S8 B, 2020
AN 2022 4 3 1 ) Ep 1A 7397) 79 1.84 mm A11.94 mm,
6 H E, 7334 n % 3.77 mm Al 5.15 mm.
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Fig.1 Dynamic of pan evaporation in greenhouse

2.2 KEZFR K EF N E F0H 1% X 2200 F 78] L 2 it
120
® 1 KA KRE (Ep 5GBET MR

ZR. R 1 ATH, FRGRETE EKE AR =R

EEMK (P<0.01), HA, RH 5HAMAMHK, Hih
WA 15 E, IEAMISE. E, 5 PAR MIAH S &,
R FRECH 0.852, 5 Toin AHRMERAK, X RECH
0.428.

k1 BERRmABARES LB THMISHT

Table 1 Correlation between pan evaporation and various environmental factors in greenhouse

i Eo T RH Ra PAR Trin Trmax VPD
Ep 1
T 0.753" 1

RH -0.770™ 0317 1
Ra 0.811" 0.437" 0.773™ 1

PAR 0.852" 0.497" -0.760" 0.968"™ 1

Trmin 0.428" 0.868" 0.004 0.042 0.102 1

Trnax 0.705™ 0.812" -0.474™ 0.581" 0.615™ 0.562" 1

VPD 0.751" 0.713" -0.614™ 0.581" 0.616™ 0.436™ 0.928" 1

HEOeORAORIE 001 KT EREHIK.
HIR LRI DUE Y, B SR A T A7 E W R AT

62

KA, PAR 5 Ry AHICE B e, AHOR R %80 0.968;
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1M Tmin 5 RH. Rav PAR FHOCHEISA R . £ 2 AK

M7 ZWKHE 755 R BEEN ER R BRI LE

PEEESITE R, WTUEH, B RH 4N, &A%RET

M ZMA /N T 0.1, K RECKT 10, #8ER RH

PLAMR) G R (R S AEAE Ry 7 B R L 2k )

T BN HAR AT 32 53 B DA P R 2R M 1] 7
PN N

Table 2 The diagnosis of collinearity

Ei=2an T RH Ra PAR Trin Trmax VPD
TOL 0.05 0.25 0.05 0.05 0.09 0.07 0.08
VIF 18.75 3.99 18.63 18.56 1121 1409 1241

23 KEERAEERN ZTEVAREEL

X KT 78 2 8 5 W (1) R R 04T o) 0 A
FH, R 2 AN ERS (P AR, Figid TR
TR 634%MNEFERE, WESTHE_-_ERT F
(1) 24.5%, —FGiFTTERZE KT 85%. XK 2 M E
A AL AR A B FIR, XPKTZE A= (B 1
AR . KRR 3 % E AR RE0T I,
Fi #1 Rav PAR Fll RH HIEATECR, 19595 REHlk
0.328. 0.311 f1-0.321; Fo ' T 5 Toin IERATEK,
1545 250574 0.353 1 0.431. i Ep 52 R, PAR.
T Toin IEFIEEMA, 52 RH (151 ] 20 o

PR 3 PRI ) 2 N EAHMSL I R Fr 5
Foo 530 By 34T Z S0 RNA 0T, VEWLER 4, @S2
Ty AR S 4 il P=0.05 7K T () 2 3 AR
By WAL E ZHR? N 0.854, F W] E, LK 85.4%
Je i Fy R FTARER B s2 i R 1B 5 | A 1

k3 EARG R HATrARE
Table 3  Principal component score
coefficient and contribution rates

o EN Vi
B Ak =) 5
T -0.060 0.353
RH -0.321 0.124
Ra 0.328 -0.102
PAR 0.311 -0.071
Trmin -0.220 0.431
Trax 0.062 0.241
VPD 0.112 0.179
FHIEAE 4.44 171
TR % 63.4 245
R4 K@ARZEIRLS S AT EFHRA
Table 4 The pan evaporation and main
components regression model
I & F S [l AR W FH
Ep E,=1.195F;+0.804F+3.320 0.854"™

o OPRORFORTE 0.01 KF BB EM.
24 KEZEAEHEESTNELLRRERME ST
B IUEEAR AT AR ME IE ST, ARANR 4 Tk
SrlElARER KT Z R & (B il 5AH 5 S lfE AR
thi&ss el 2 fos, fSEE S S0 E 44 F A
BB BE By, 739 6.88 mm #1 7.01 mm.
AL F I E, 5 {E N 441.16 mm, 552 E, H
e, Eifli T 14.82 mm. E, FISLIIE S A SRR S
Wi 3 fros, BAALSEE 5 OB ) 35 IR AR,
J7 R sE 2% R? M 0.908 (P<<0.01), [H] a4k 5
101 &BopsE, nf WY AL B 5 Se e A B0
IZRPEA R o

8 -
O A fh5E 0
& .9
E 6 | @O o ROT
= o ¥ o9 @D e)
5] ® o\ OOO » Vo
Kot o o AR B ok OV /b
e (@) o I o 56 O (V) o O 0O @
= Q@@) Q@ Q9 ()] OOO Qo ~ o @) (9 9 (28
% . L % o)'s) o)
2 | SoRo (¥ 4o N2a0 S o
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H#
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Fig.2 Changes of measured values of pan evaporation and estimated values of the model
.
6 y=0.8692x +0.5307
5
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i
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Fig.3 Comparison between measured values of pan evaporation and estimated values of the model
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25 KEELZEHBEESTNENS TS
NE—BIIKI KR (B MEBR A
SORERL, R4l A S SEE AT SE T E AT

PEMAR 5. FETRIMAEEHIE E, N 3.32mmid, 5
Sl Ep AHXFR % 3.51%, RMSE iy 0.48 mm/d, MBE
N 0.10, —EPEFEEN 0.94, 455 KRB R 2 HUK

&5 BAE IR L A K w5 K & K K L) St A AEMA

Table 5 Statistical comparison between measured values of pan evaporation and estimated values of the model

H H4 it 7K T 2% B/ (mm ™) I 29 Sz /K T 7 B/ (mm ™) LeA AR ZE % RMSE/(mm d) MBE d
3.32 3.21 1.03 351 0.48 0.10 0.94

T HE H MR R S H KA R 2 L, d A— S,

33T 8

AARK T, KA KRE (B BIARHSN LT
B, X GIEIE AW ETE, 6 E g s s <,
B e CIE R W, BRI T E, N 4—7 AR
BT s . KT AR F B AK KR E KT L
KR, A IR H KT K 5§ 2 T KSR B K
T, HAREESREEFHER S, 2%
RGHE TR E AR, APFREN, E 5 R0
R R %N 0.811, 5 PAR ML R %N 0.852 (P<
0.01), W& T E, 5 VPD MAHX &% 0.751, E, 5
RH (A% £2%0-0.770 (P<<0.01). X 5zt asllyp
TR IR A T 25 SRR H R RIFEE %44, RH
5 VPD 2 E, M EEHREH KL, xRt ER
PR v RGO T 3 R T T 45 SR 22 5 VRV 25122
X B TR KT E, B3 BN R 1T S
H, TERGRBRET, KPHAR SRRk, E, K, H
TETERIREL R, JelR a8 BT B, (152 m] L3R &1 21 i .
AHEFEH B A AT B 45 S AR — AP U B T I A ]
R, K Ep 52 f KB — 32 B I B2 PR 224 R
PAR Al RH, F i sk AiA 63.4%; 125 — F
I EEREZEN T M Thn £ TTERZRA )Y
245%. IO, REIEFAT R 5 PAR X Ep IR
m, BHESET VPD 5 RH X E, 1520,

Z ot R, % B 2R 1] R SR R R B
HASE [ G RPER, B A AR A e A e,
AFEH, B RH AN, SRREF 2 MAEZE SN T
0.1, WIKARKCAT 10, XUEHHER RH LIAMOS RN
T A AR R SRR, T SRR R (%S
LT 2 AR FE RN R E KR R 1 PR,
R, 5 RH & /A% (P<<0.01), #H% 2 ¥ 7] 14-0.773,
M5 HA S R 7 23 EASC (P<<0.01), FHKRE
78 0.4 DA ko X FE B RN Hp #1132 BRI 2
KBRS, MEECRRIESER, BT &, WRKAEZE
Bl 2 Fhim, AR T ST, Ry
PRAR K 2 TR, IR RS 2 BRI, Vo ag gl
TR, PR MR AR KRR 2 18]
BB VIREOE, MR REAE 0.75~0.97 2 i), FL&tt
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MR, HuJE . A0 AT R I 2 A /)N
T 0.1, HEMKKEFIHRT 10, BHHSZEETFZ
T AEAE R R ™ B LR P . AT LA AR B2 A BBk R
NI, SRR R A R PR A SR 2 . AR
I TR 32 A B R S 1 E, A SR R AR ) 35
#°N 3.51%, RMSE {6} 0.48 mm/d, —#MEIRECN
0.94. TR AT AT MR AP v Sk ik i L, B
AR A 22 R R Y, Jafari? g B, A 2
J8 43 BRI SR TR E, (OB R? 4 0.82, RMSE Ny
0.52 mm/d, iM% Jolal KR () R 9 0.79, RMSE Ay
2.28 mm/d. AT EHENRIA T B T S
FrAgE & rr=, EFHREGH 7 NS AL AR R,
TH 6 T & Gt/ —FRIEEE ST (1 £ It [m] AR R h f7 A
3Ltk R Z IeEE S TR, [
2t lSMofi Y ML 8% 2 ST S0 5 2, B BB e £ 32
g, It BP #REE ML T Ep AR EIAL, 153 T4
PRI R . ARRIER AR FEGEIE, & TH_TE
FAr M Ep Al SRS, OSSR =R N Ep 12
BT TR R

4 75 B

1) iRE 2020 £ 2022 A KT R A
KIEZERE (Ep AL TEH 73719 0.19~6.85 mm
A10.37~7.01 mm, HBEIN EAIEK, E, 2 ETF
kI8

2) METHANIAREN, FEHHESEEX E, Mg
M S AL, Hd PAR 5 E, MM e R s, AHSE
Z ¥4 0.852 (P<<0.01), PAR 5 R, RH % &%
43524 0.811 F1-0.770 (P<<0.01); £ XM 43
H, FoXt Ep MR IR, FREEEROR, N 444, J
FHARE R,y PAR FI RH X} E, (W52, K115 5
ZH0 504 0.328. 0.311 F11-0.321.

3) EEAL T HEET FH RS T 2 Ja R Ep Al AR
B, SRR T SRR I, HAGEES
SME B TEAHE (P<<0.01), R*40.908, MBE %y
0.10, RMSE >4y 0.48 mm/d, — #1445 408 75 (d=0.94),
FRA G SR A
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Construction and Validation of a Model for Estimating Surface Water
Evaporation in Greenhouse Based on Principal Component Analysis

WANG Ke'?, LI Yinkun!, ZHENG Wengang®, LIU Meiying?",
WU Jiale*?, J1 Yuru®, CHEN Fei', HOU Shenglin®
(1. Intelligent Equipment Research Center, Beijing Academy of Agriculture and Forestry Sciences, Beijing 100097, China;
2. Inner Mongolia Key Laboratory of Soil Quality and Nutrient Resource, College of Grassland, Resources and Environment,
Inner Mongolia Agricultural University, Hohhot 010018, China; 3.College of Horticulture, China Agricultural University,
Beijing 100094, China; 4. Hebei Academy of Agriculture and Forestry Sciences, Shijiazhuang 050051, China)

Abstract: [Objective] Surface water evaporation (E,) in greenhouse is often used as a reference in irrigation
management. The purpose of this paper is to present a model to estimate it. [ Method] The model was derived based on
meteorological data and pan-evaporation measured from March to July in 2020 and 2022. The relationship between E,
and meteorological data was analyzed using the principal component method, from which a multiple linear regression
model was developed to estimate E,. [Result] E, increased as time elapsed, with its average increasing from the range
of 1.84~1.94 mm in March to the range of 3.77~5.15 mm in June in both 2020 and 2022. E, was influenced by
radiation and relative humidity the most. Photosynthetically active radiation had the highest correlation with E,, with
their correlation coefficient being 0.852 (P<0.01), followed by solar radiation and relative humidity with their
associated correlation coefficient being 0.811 and -0.770, respectively (P<0.01). The first principal component of solar
radiation, photosynthetically active radiation, and relative humidity has a great effect on E,, with the eigenvalue being
4.44. The solar radiation affected E, significantly, with the highest score coefficient (0.328), followed by relative
humidity and photosynthetically active radiation, whose score coefficients were 0.311 and -0.321, respectively.
Principal component analysis and verification showed that the estimated E, using the proposed model agreed well
with measured data, with P<0.01, R?=0.908, MBE=0.10, RMSE=0.48 mm/d, and the consistency index=0.94.
[ Conclusion] Solar radiation, photosynthetically active radiation, and relative humidity are the main factors
influencing E, in the greenhouse. The multiple linear regression model derived from the principal component analysis
is accurate and can provide real-time estimates of surface water evaporation in the greenhouse.
Key words: greenhouse; pan evaporation; meteorological factors; multiple collinearity; principal component analysis
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