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TAE, FEXt 3 Rl RLA [ i AL A (A 3 25 SR AT HL AR 5 1A 5 [R5 T Garson B35 A& 4 X T4 5
{ERYAA DTk . 255 7R, BP Al Elman SR T4k 58 (RS 0 B 5 73.66 %0, ZEAN Rl A2 6 F N TR
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iR R A 3R E P L R X AR B AR R
G = ZRF LA VR v A A -
KAL) E et T (R A H 2500 1 (T,) ML
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A 2 1 i 1R 52 W), USSP bk mT 4 2 T e
KB EAS HE TR SRR 2 =
1 MHBEFE
1.1 HREXHR

AW 5 XA T 56 K L b A v 18 R 2 P R
2k, 8 TR SR A P B R A SR /T 150 11 (44°59'7'N
86°8'56"E ) , 12 X BX AT vty AR PEIE R D J il A R
Rt PE T RSB . 2R REK R 117.2 mm,
WAEZE LR IK 1 9421 mm, AEHIR 6.1 °C, B
il 43.1 °CL, B IR —42.8 °C, VB
JXL‘?//"jt““o

g (Populus alba var. pyramidalis Bunge ) F
FF 2008 4F  BRATHE 2 m X 2 m, P37 17 m, P
WA 14 em , ARIXZEH B — AR R JCHEAR, REAR R 3
VI SR 3E (Ceratocarpus arenarius 1..) V0 (Artemis-
ia desertorum Spreng. Syst. Veg.) Fll X T & (Petrosi-
monia sibirica(Pall.) Bunge)/ﬁyﬂjﬁumo
12 SEEESHEGEBEHEN

& Hl 32 [ Vantage Pro 2 H 3 R 4 ¥l (Davis
Inc., USA) % H W AR (T) B i ()  H
YR (T ean) AHXTE B (relative humity, RH) | H B}
K (SD) WG (U) S5 850805, AR AT B2 i 3
[] 2% W 2R FH A A K 7% S 22 (vapor pressure differ-
ence, VPD) IR . R AP #0 i #2 F (TDP30,
Ecomatik, 7 [ ) SEINRE A , P8 BCAE AR DL R 4719
FEAR 6 Bk , 2R 175 00 FE L TAT 160 eom 1= Ab 28 38 W
WAL IS . AR 2 AR 30 mm  EAE 2 mm AREE
5 cm AYERETZH A . AR TR) A ek 22 FH 2500 SR 4R A
(DL2e, Delta-T Devices, 3¢ ¥ ) H gid 5% . R =X

(D) BB T BRI R B (7, mL/ (em?+s)) »
ATmZ; AT) (1)
D AT BB RE A BRI IR 22 ,°C 5 AT
D PREHIE I B RO K22, Co
TE ARl v 6 5 5 R A AR 418 3T L A% R AL 4 A
AR, AR A S DA oo LA L B O 5% R A 25
(ERVSE-ARS5 Sk 7 IO MER R g i BU R ZE - AIE 2R

. n(D?*—d?)
S E— (2)

A (2)H, Sy WM I, cm?; D & HAR,
cm;d RO EHAE, cm.

B bk H 28 i (T, mL/d) A F

D7 (X Sa. ;X 3600 X 24)
Tr: J

J=0.714 ><(

Sa

(3)

M

K MAFEARRIIAELG TS, 500 R 5 )
FRFEAK B T B VR % (mL/ (em®s) ) R A
A (em?) .
1.3 HEREEF

J T RS TX TASEAL A0, A AT
1 2020 4 5 7 —2021 4F 4 H B E st LR W+
T AR, FL B 50E 365 4 . LA s A K 22 (2020
4E 5 H—20204F 10 H ) KR B I A4S it i il
A i W SR F S TAB . ASHIFGE 1 S8R A2 A5 [
P07t SD U RH . VPD . Toins T s Tonean 755
PR -V S RS R A AR d, FLUR, A o S PP A et A o
X TAGSBAERIEE B T T Tnean 3 SD VU RH.
VPD #E AT d A, e 28 7 Fh AR & 53 i 8 P A 4
G(FED.

*1 Za&tEEA(MLR) BP #EZR%&F Elman HEMKEBSETEHNRMNES

Table | Input combinations of meteorological variables used in multiple linear regression (MLR),

BP neural network and Elman neural network models

J¥*5 Number L Models A4 Input combinations
1 MLR1 BP1 Elmanl SD U RH VPD
2 MLR2 BP2 Elman2 SD U RH VPD Toin
3 MLR3 BP3  Elman3 s U RH VPD T,
4 MLR4 BP4 Elman4 SD U RH VPD T ean
5 BP5  Elman5 sb U RH VPD T. T,
6 BP6 Elman6 SD u RH VPD Toin T vean
7 BP7 Elman7 SD U RH VPD T e T vean
8 BPS8 Elman8 SD U RH VPD Tw T T e
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Bt KRR AR BERL > o 2474k Heop
8026 HI TR ALY ZA (148 2H ) , Hisr 206 FH T A5 A4l
(36 21 ) , Y AN A rh i A gt A2 B0 S
TR IR 2 s, K BN S s BOSUE Y 22

FAR/IN G TS e b i 0 B AR 22 e AT
FH 80 Y0 AEA KA HEAT LR 57 22 T, Sy B4l i Ik
25 PR Z 18] A AR LA By 1 30 20 2270 1k 31 5 4
FIIRAS , Xt Fir A AR A B AT 1 )3 — AL Ak B

F2 NN ZREFERANSHETENST
Table 2 Statistics of input and output variables during training and testing
%51t Statistics SD/h - U/(m/s) RH/% VPD/kPa T,,/C  Tpo/C  Tow/C  T./(mL/d)

I5e/MiH Minimum 0.00 0.50 12.50 0.35 —1.00 11.80 7.30 148.50

WIiaE SEE{E Mean 9.86 1.90 41.23 1.61 14.57 29.01 21.64 722.90
Training set 5 Fff Maximum 14.70 5.20 78.80 3.36 23.30 37.30 30.70 2183.88

FRifE Standard deviation 3.67 0.74 12.64 0.63 5.05 5.94 5.40 397.95

$/ME Minimum 4.70 0.70 16.30 0.70 —1.40 10.50 4.00 114.70

kg A5 Mean 10.46 1.63 45.85 1.63 10.23 25.04 17.42 837.39
Test set A A Maximum 14.50 3.00 66.50 3.00 18.70 36.90 28.20 1966.14

P2 Standard deviation 2.43 0.51 12.21 0.51 7.28 8.08 7.88 436.86

1.4 ZiwEEEEE (MLR)

MLR HF X 24~ A28 S il — Ao 2 A F AR R 2
B] 9 OC R BEAT L, AP TR TR T, DL
ANl g AR B 2Z R OC 2R, T MLRAEAL AN

T.=a,+ax,+awx,+ -+ a2 +ayae,  (4)

LD 2 HE AL (REHET) ;a HEHA
At TR IS ) A 1] U 32 5 e Syt A i 14
1.5 BP #1 Elman #£2 M &5

BP T 28 0 2% 221 F 1R 25 I B 3G vk 1) i
AT ML 8 A S R R R R,
Elman #1489 £ 7 4580 b 1 BP M2 £ 17 1 k%
2B T R 2% [ B b B E] R A5 R R BE D (K
Do F A 8Pl A41G, Bir LA BP Fil Elman #ifi 28
) £ A5 1 i 21 BRI O 4.5.5.5.6..6 .6 Fll
7 H 2 Y SRS A R A ) R AR A EOR TR
BT B 20 BB, SR A 10 9 38 LBk
X B S EAT Z2 K R, TG 22 YR VT A 45 SR T2
(L, F5e Jo AR A0 A5 /N 2 15 AR 15 25 o D ff S [] B 9 ok
T BRI G B BSCHE 0] 3 AN ST A T 3 R AN RS
7E Elman #1289 25 rh &R 35 )2 75 s 5005 T U= 15 18
B RAMUIE ST NG K 4-4-1.5-3-1,5-4-1,
5-6-1.,6-3-1.6-3-1.,6-4-1 F1 7-5-1 (1) BP #f 2 [} 2%
ZEMEBIRL DL NG o 4-8-8-1,5-4-4-1 . 5-6-6-
1.5-5-5-1,6-7-7-1.6-4-4-1,6-10-10-1,7-9-9-1 1y
Elman #1 25 o 45 78 I B

A W52 MATLAB R2016a ¥ 85 F %} BP #il
Elman 1 28 25 B A TR 2 A 2 S R & 2 Z 1)

(4% 358 BRSO R IE U] S Y pRAK tansig, B & 12 S5
)22 Z 0] () A% 3 oR R 261 pR R pureling, R H Leven-
berg-Marquardt (LM ) fJt AL 53125 (trainlm ) 7 Sy B 2% 11
Y2 pR R, T B I 25 B A/ % 22 0.000 1, 3128
T4 0.01, e RIEACIK AR 1 000, fe/IME RER BE A
1X107°, e R ELH 6.
1.6 HETM

BEDLIEHL 2026 AR ASESCH HT T I 28 Pk RE I 3K,
il 5 PP 1T 280 /b MLR . BP il Elman A5 R 1
5RO 25, 50 P E REU(R-square ,R?) AATAL
R ZH(Nash sutcliffe efficiency coefficient, NSE) .
Y4 %1% 2% (mean absolute error, MAE) 35 R iR
(root mean squard error, RMSE) 14— 1k ) 7 # %=
7 (normalized root mean squard error, NRMSE) , i
WIS SR 13] 0 BERL Al 350K 5 B (accura-
cy,A) H 1—MAPE (mean absolute percentage error,
SRR A iR 25 )RR . ROFINSE % 1, 9F
H MAE .RMSE FI NRMSE £ {E #4230 0, 45880 £ 5
(LB HERG . BEAT , NRMSE 8 ELA7 AR UK f 3 14 8
PEAERT, #7 NRMSE {H K T 0.3, WITA B RL A PE R4
28 WRILAEAE 0.2~0.3, WA AR AY iy M vh 45 5
RIAEAE 0.1~0.2, WA R 154 RY A4 14 REAR 4 5 5 A
AN 0.1, MITA AR P R 7

100% & | O, — P;
vt @

2 (5) i N FEAE PR O, 43 555 i A A

FISEIEL .

A=1—MAPE=1—
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J 1) 4£4% Back propagation
A
HirhAr g
HNAS Output variable

Input variable

HNZ

Input layer

(SR
Hidden layer

)=

Output layer  Training error

YRz

1E{%4#% Forward propagation

B 1
kiR

Training error

M e
Output variable

fir)z

Output layer W, /

Rz
Hidden layer

L] me

: W, Context layers

W,

HNZ

Input variable

i NS & Input variable

W, Wy B W, 2350 ki A2 BB 2 3 )2 B0 th 2 FUR 22 B 5 2 A EHALE . W, W, and W, are the connection weights
from input layer to hidden layer, hidden layer to output layer and undertake layer to hidden layer, respectively.
E1l BP(A) #1 Eiman AIH#HEMLERINEI(B)
Fig. 1 Topological structure of BP(A) and Elman artificial neural network(B)

1.7 ANNEER QRN T EXHHTEEI =

K FH Garson VB gk | I A 3B N T A
25 ) 24 45 fi AL s o Hi B i A A6 BT R R R
ANFUF

S (/s w)

S 5 frony 5 ]

3(6) T Ry S A S i 425 B AT Sk
5,940 ARSI R AR WA SR R B
B W, WA B AR - 52 B -4 R
VPRI s N R L 4353900 i A U2 B 2 R
e

R,=

[/

X 100% (6)

1.8 HiE4bIE

K SPSS 26.0 X #4748 1734 s 75 MAT-
LAB R2016a ¥ 55 T #4 2 BP fl Elman i £ [ 2% £5
AU, JF BT SPSS 58 i A 1] 5 A MLR #28 ; 5% ]
MATLAB 21 Z&#1& , Origin 2021 2l HAb &

2 FHRE5HMH

21 SREFEHEGEBENETHIFE
FH 2% 3 AT, ZE LI Dy B s A 2K I i 5 R4 A
T B 2 AR AL B R A Bk A A R s
1.595 0X10° mL, A= K Z= BLAR 25 1 1 1.383 9 X 10°
mL, JE 4 K FE R ZE S o0 2.110 910" mLL, Z4E K
Tk I i AR Y 86.77 %0, Hkk H 2K I
1.329 1X10* mL. 7K 2R 6 H Hriig 7805 i K,
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Table 3 Trends of meteorological factors and daily transpiration of Populus alba
var. pyramidalis Bunge during the observation period
i1t Statistics SD/h U/(m/s) RH/%  VPD/kPa  T,,/C T/ C T/ C T./(mL/d)

e/IME Minimum 0.10 0.30 71.30 0.02 —30.90 —22.80 —27.60 37.23

1H Jan M Mean 5.83 0.90 77.67 0.04 —21.60 —13.40 —17.92 43.23

JAAH Maximum 9.80 1.30 84.00 0.09 —14.30 —1.30 —8.40 53.50

Fe/ME Minimum 0.00 0.70 42.30 0.02 —32.20 —22.90 —27.60 41.61

21 Feb (4 Mean 4.81 1.35 73.13 0.11 —12.73 —3.23 —8.09 61.82

FAAH Maximum 10.30 3.30 92.80 0.52 1.10 12.60 5.40 86.42

Fe/ME Minimum 0.00 0.60 12.00 0.08 —12.80 —2.40 —7.90 29.94

3 Mar  S#{l Mean 6.64 1.36 57.23 0.38 —2.41 9.19 3.07 99.34
fie KAH Maximum 12.60 2.80 85.80 1.41 6.70 22.50 14.00 147.93

/M Minimum 0.00 0.70 12.00 0.07 —4.80 0.30 —0.60 21.53

4R Apr SFH{E Mean 7.99 1.94 44.35 0.72 3.01 15.46 9.02 84.78
Fe A AH Maximum 12.60 3.50 88.30 1.52 11.90 24.10 16.60 118.52

Fe/IME Minimum 0.00 0.50 12.50 0.36 0.60 16.70 8.90 291.87

5H May  SEH Mean 9.44 2.01 42.30 1.23 11.48 25.21 18.22 502.40
H KA Maximum 14.70 5.20 78.80 1.89 18.60 33.00 23.80 916.10

He/IME Minimum 3.70 0.90 15.30 0.93 11.80 24.90 18.60 291.67
61 June  SEH(f Mean 11.36 1.92 35.22 2.00 16.55 31.49 24.10 1168.81
Je A A Maximum 14.60 3.50 63.50 3.36 23.30 37.30 30.70 1966.14

Fe/ME Minimum 2.80 1.10 16.30 1.00 13.40 28.20 19.20 275.61
7H July Py Mean 11.48 2.05 39.57 1.93 16.89 32.73 24.85 1018.19
F KA Maximum 14.60 3.30 63.70 2.76 21.50 37.30 28.70 2183.88

Fe/ME Minimum 2.60 1.20 14.50 0.74 11.80 24.30 18.20 309.83

8H Aug  SE{H Mean 9.91 1.90 43.76 1.84 18.19 32.75 25.23 764.04
R HKAH Maximum 14.70 3.50 66.80 3.36 22.50 36.20 28.70 1518.83

e/MHE Minimum 1.30 0.60 31.30 0.62 5.60 16.50 10.80 240.94

9H Sept  SE#y{H Mean 8.71 1.64 46.54 1.25 12.54 26.83 19.38 669.18
Je A AH Maximum 13.90 2.90 66.50 2.08 19.00 36.90 28.00 942.52

Fe/ME Minimum 0.00 0.60 23.80 0.35 —1.40 10.50 4.00 114.70

107 Oct P4 Mean 8.96 1.59 46.05 0.99 7.17 20.65 13.52 400.83
FAAH Maximum 14.60 4.80 67.50 2.31 18.10 32.60 24.90 811.17

He/IME Minimum 0.00 0.60 18.30 0.03 —15.60 —6.70 —11.20 176.91

11 Nov 3 Mean 8.71 1.58 49.99 0.77 3.80 17.30 10.24 388.48
Al Maximum 12.10 3.00 87.00 1.95 18.40 28.00 22.40 557.35

Fe/ME Minimum 0.00 0.20 63.80 0.02 —29.60 —21.70 —26.70 20.66

12H Dec  SEHy{4 Mean 3.50 1.05 78.71 0.04 —19.93 —12.01 —15.95 27.25

Fe KAl Maximum 7.10 2.30 84.50 0.07 —8.70 —1.60 —7.90 35.97

k1 3.506 410" mL, Hk 7 7 .8 H .9 H .5 A 110
A Bk A 28 BB 51 0k 3.156 4X10%,2.368 5 10%,
2.007 5X10*,1.557 4 X 10*F111.242 6 X10* mL. 7EdE
AR ZE 11 A iR, o 1.165 4 X 10" mL, H:
WRN3H A 2H 1AMI2 A, skk A 2055500
3.079 5X10% 2.458 8X10°, 1.730 9X10°, 1.340 2%

10°F01 8.449 0 10° mL,

KGN T SD U VPD T T T T 5 T, 52
BT AL ZE N PEAR AL, T, M9 37.3 °C, I BRAE 6 A |
TH, Ty H—22.8 C, I BTE L H ;AEKZESD I I
JEAE R R U SR KA H BE A BRI 25 5 1 RH 78
JEAERKFARKTER, X GER M FIEEK &R
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BRI, SR TR R R S5 RN T 2 B o

T A T AR SRR R F R R B A A
LA N £ AR W5 T, 92 0E 22 5 R
(K2), /LA, SD FIU 74 K Z 1y 28 572 5 1
AR ZFER/NE 2A) s RH VPD Ty T 1 T
TEA R 2 1Y) A8 S R B LU & S ZR i A8 S AR B
Toin~ T T T TEAE K ZE R 10 A LUS, HoAth A
Oy B A8 S 2B/ F 0.5, R4 K B AR R A 57
ABORF IS (K 2B .2C) . HXTF TH, EK
FMESABARLEERFNES ZEHEK
(K 2D).
22 AREAWMNAEX THEEMNZMD

% 45 MLR . BP #1 Elman #5875 A [5) A ZH 4
T TAER LSS, v LUE H BE & AR e
BP Il Elman #5545 58 PE BE AR X Fs e , Hod, Elman #it
25 ) 45 AT A IR AR B Ty A T B R B AT
i A BEALAEITA TR R I R 2  BP A
RIYER AR G A 7R R R R B AT, i

A May ——U

—e—SD

July

Aug

Sept

A:U,SD; B:RH,VPD;C: T, ..»

FE R AR 4R T, BT R I AR 22 . 1548 MLR #5580 4y
AR B R AN [R) 2SI B s, A ) £l ARG 4 R A
AN 2 T T B T e VE BB iy A B LR T
JE BE () MR B A 400505 1 B 43 ) 48 i 13.74%6
23.37% .32.09% ; L) RMSE WhRiE , Al 20 22 43 i %
%41.14% .36.87% .72.34% .
23 REGMEEIMNERE

MR AR, TSR WA
#Z 5 Hobh Elman #%EDRS 3 B (73.66 %0~82.88 %) it
w5, M X T MLR £ %, R® il NSE 23 42 55 1
2.29%~57.03% . 1.82%~57.42% ; MAE, RMSE #I
NRMSE 43 %) B ik 7 0.12%~77.99% . 5.62%~
89.23% M1 5.68%~89.28%. BP i Kl K5 # FF
(75.05%~80.52% ) B AKX T Elman #5554 | R? 4 0.86~
0.88, SMATMI T, Y A i AHFIIT, 52k MLR AR
RIFIEL, 2 FpAEZRME ANNAS AL RENS L4 o w4
BT, SEREE I MLRATEAR LY, B T T
B T e 0SB ML R B S5/ HE AR AR HRL B

B May RH

June —.—vVPD

) Aug

Feb
Jan Sept
D —a—T
Mar July
Feb \ . Aug

Sept

Nov

T ToinsD: T,

2 WNBNBRAFAESEEFSHEHARBENTRRY
Fig. 2 Coefficient of variation of monthly different meteorological factors and daily transpiration of

Populus alba var. pyramidalis Bunge during the observation period
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T, values under various input combinations
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Table 5 Relative contribution rate of each input variable to the output variable under the eight input

combinations of BP and Elman neural network model %
e} 2
H by SD U RH VPD Ty T T
Models Topological structure ’ ‘
BP1 4-4-1 29.50 13.23 42.67 14.60
BP2 5-3-1 13.90 12.23 26.34 32.65 14.88
BP3 5-4-1 10.89 11.74 30.07 29.35 17.95
BP4 5-6-1 24.09 18.17 21.02 22.40 14.32
BP5 6-3-1 23.77 11.39 6.87 23.81 17.79 16.37
BP6 6-3-1 21.01 6.32 7.30 29.62 14.83 20.92
BP7 6-4-1 14.11 8.32 16.23 22.24 17.74 21.36
BP8 7-5-1 14.88 14.20 19.11 18.33 8.93 11.46 13.09
Elmanl 4-8-8-1 26.24 21.16 34.92 17.68
Elman2 5-4-4-1 11.24 10.39 27.80 27.84 22.73
Elman3 5-6-6-1 12.65 17.89 27.67 28.15 13.64
Elman4 5-5-5-1 25.85 14.06 12.65 20.14 27.3
Elman5 6-7-7-1 15.78 11.61 20.60 18.75 20.47 12.79
Elman6 6-4-4-1 18.15 10.81 10.81 22.03 18.78 19.42
Elman7 6-10-10-1 11.56 13.14 17.23 23.26 13.57 21.24
Elman8 7-9-9-1 16.76 17.28 17.86 16.41 12.01 7.63 12.05
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Estimating daily transpiration of Populus alba var. pyramidalis Bunge
based on MLR and artificial neural network

XUE Bing', WANG Qjjie', MA Bin®, LIANG Xue',HOU Zhen’an', JIANG Yan'

1.College of Agronomy, Shihezi University, Shihezi 832003, China;
2.Seed Station of Tekesi County Bureau of Agriculture and Rural Affairs, Yili 835500, China

Abstract A traditional multiple linear regression model (MLR) and an artificial neural network mod-
el (Back propagation (BP) and Elman) were constructed using 8 combinations of 7 meteorological factors
including sunshine duration, wind speed, relative humidity, saturated vapor pressure difference, minimum
temperature, maximum temperature,, and average daily temperature as model inputs to solve the problems
of low accuracy in estimating the daily transpiration (T,) of Populus alba var. pyramidalis Bunge, the
main tree species of shelterbelt forests in arid areas, and the poor generalization ability of estimation mod-
els. The T, value of Populus alba var. pyramidalis Bunge in 2020 growth season was estimated. The re-
sults of estimating three different input combinations of models were compared and evaluated. At the same
time, the relative contribution rates of various meteorological factors to the estimated T, values were quanti-
fied based on the Garson algorithm. The results showed that the accuracy of BP and Elman models in esti-
mating T, exceeded 73.66%. Under different input combinations, the estimation accuracy of the artificial
neural network model had increased by 8.45%-31.33% compared to the MLLR model. Among them, the
Elman model with a topological structure of 6-4-4-1 had the highest accuracy of estimation. The relative
contribution rate of saturated vapor pressure difference to T, estimation was the largest, followed by rela-
tive humidity. The relative contribution rate of different temperature variables to the estimated T, values
was In the increasing order of average daily temperature > minimum temperature => maximum tempera-
ture. It is indicated that the neural network model for estimating daily transpiration of Populus alba var. py-
ramidalis Bunge can improve the accuracy of estimating the transpiration of shelter forests in arid areas. It
will provide scientific guidance for the sustainable development of shelter forests and the precise regulation
of agricultural water resources.

Keywords estimation of transpiration; multiple linear regression; artificial neural network; Populus

alba var. pyramidalis Bunge ; shelter forest; precise regulation of water resources
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