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Time-lag-effect-based UAV Thermal Infrared Model for Soil Moisture Monitoring

Chen Junying'? Xu Qi'® Zhang Qiuyu'” Lu Xiaohan'® Yang Xiaofei'” Liu Hao' Qian Long'?’
(1. College of Water Resources and Architectural Engineering, Northwest A&F University, Yangling, Shannxi 712100, China
2. Key Laboratory of Agricultural Soil and Water Engineering in Arid Areas, Ministry of Education ,

Northwest A&F University, Yangling, Shannxi 712100, China)

Abstract: Accurate monitoring of soil water content (SWC) is essential for evaluating crop water status
and optimizing agricultural water management. Conventional thermal infrared remote sensing often
neglects the temporal lag between canopy and air temperature responses, potentially introducing
estimation bias. The canopy — air temperature time-lag effect was integrated into UAV-based thermal
infrared remote sensing for improved SWC estimation. A two-year winter wheat experiment with four
irrigation levels was conducted, using fixed infrared sensors (SI —411) and UAV thermal imagery. The
peak-time difference method quantified the lag and its response to soil moisture gradients. Four time-lag-
adjusted SWC models were developed, i. e. , theoretical, empirical, hybrid and canopy — air temperature
difference models. Results showed that lag times in W1 ~ W3 treatments did not differ significantly, while
W4 (low moisture) had shorter lags. Lag time decreased markedly when SWC fell below 50% ~65% of
field capacity. Introducing the lag effect reduced the mean crop water stress index (CWSI) by 0. 05 ~
0. 13, with hybrid model producing the most physiologically consistent spatial patterns. Except for the
theoretical model, R* were improved, with the empirical CWSI model performing best (2022: R* =0. 53,
RMSE was 1.99% ; 2023: R* =0. 51, RMSE was 2. 13% ). The findings can underscore the importance
of thermal response dynamics for enhancing SWC estimation and provide methodological advances for
large-scale UAV-based agricultural water stress monitoring.

Key words: time-lag effect; canopy-atmosphere temperature ; soil water content; winter wheat; thermal

infrared remote sensing

Weks H . 2025 -07 —10 & H . 2025 -08 —13
BHEWE . BERARBEIEETH (52479050 ,51979232) FIE % H AR5 4E K410 H (52609101 )
EERIAY: MRRTE(1975—) 2, 3002, A 0, 3228 A SRR AR AE K BE IR AE B b 1 13 ST, E-mail ;. junyingchen@ nwafu. edu. cn



358 P

b Bl R

2026 4F

0 358

55 2 B DA S0 T 1 7K T U R e [ R
JE AT FE RO TRk & R R G HE I R . [WI, A
AP FHAK BRI K BEIRIR B Il RIS, & SR
W IARALHERR () A R R R K S
SR L X TR A FERE F2THK TR H]
ROR L B A B Az 74 4 B AN AT sl i) SR
SO ARG 1 1 K I A T BEAS SRR A
AR TR AEIURE I 2 o) A AR AR AR L s A Bl il
U MIHZ T 3 e AR ST W T R | R
PE/AN 2SR AR LS, Ak AR A B e A
(I T A o H T A ML 3 J L 6 52 3% 8 1 B
3, AT FJEIR R I 18] 3 H 2 A 1 2 6] 73 R AR AT
SNEE | R A A AILER M A R Y IR OK
H T IAET A8 NS i R A1 R B A1k o3 IR
BEREURE, R NS WV ) 7K 23 ik 3 1) o
RFBE,

5k 2 TR AR R SR W 7K 43R 0 Y DG B 2
Tanner!” F7E 1963 45 5 $2 H 768 J2 16 B 7] 1y + 18
KPR R ™R, Z R AR 2 (T, - T,) i
SV ZE I SR S UIAH G, v T PG VR K oy
REARDL S 0 SR XA AR S R AT, B
SEVE R FIPERE . B SRR bR B HETE , 1dso 4511
Pt S 22 A T IH — A A 38 I e SRR K
A3 Wr3E FE 8 ( Crop water stress index, CWSIL) , ## T
BT & CWSI AL (H iy T8 = BT 14 ) BEAIL
Tl S A% 120 A B Bl A XS S5, O I, Jackson
SN DABE BT 7 AR A AR A S CWST B A
B CWSIHAT T 58 s BB AR AR . BLfS CWSI #
I ARV K 3R 00 W T et Z2 RS [RDIE
U4 BFFE E TEAL S8 CWSI AL | 3 —
AARFRI GRS 2] 5 & UV, il 2 05 &
AR AT G o IS DR PR AR 3R, LA R AE A O
B RN M SRR B T AP R
AW & e, CWST A5 DL i $4 40 AR £0 A% Il 1 T
AL 6 52 3R B, H 55 1 = i, CWSI
Hh el SR BE B AR AL T AN () 25| 6 B H 1) A 1 B i
RORE BRI, A BIF T 140 AN S8 A S 8
FIATCADUIRLL P 18 Sy | I il R0 % T AAILAREL
A i SR W I K SR S e o T TR ABIESE

VEW L2 R B AR At Rz BSNS54
W) FRVRHAE A LR R4 RS BT T 2
U E 5 PR PR - 2 R Y SCIR P | o A R — 5 7R H
ARA T FR I B R R S R AR CR
FRAR SRR, SCLA I 5 5 R 20K i 1 2 ik 22

KA, FEORAAE— T HEL, PRIl B e {4 B
o 2200 T 2 R 1) 2 G R S e A
RN, B, BE TR AMALL S R AR +
BRI 3 Mo 000 A5 T [ A5 L ) e S22 R R R
J& 20 T RS AR A R AR AL, T RE
FPE AR 37K 3 DR 2 B4 e 15 AN TE R, B0
DA

£i L, oA i o AN HLAR LA i U ) 0
K AN BE AR SC LA A& /N A e 2 i BE A SR g
TORBRFER G, 28 G853 B ek il JEE A i 280 2 %o 2
SR AE A R, 3 50 M) P I ol R s 0 R
GEATC ML LL A1 38 2 AR Gt 3R BUE JZ i BE &
SR R 8 L i A g SF- 34 3l B R, O A A e (L
I 20 IBUIS i I [, 7 L R Al L, A
i AR 1Y) 72 J S T AR A T ek AR 48 O Y R
AKAEARIR T 3 5 K R I A, U] O S B
AN PR RO T R 4 A A o AT K AR AR R B it
P SRS ERAE S

1 MRS

1.1 #HREER

RITE R DR K+ TRREE W E LR E
(36°16'N,108°07'E) JF J&& , 12l 46 [X - 2 H [f] 5 7K %
FHZE ZE05 90 35. 2% F110. 7% (EFEKE) |
MR SRRV T 5ok T R A oK TR
% KHFTRE, KRR TR LR, Hif% 5
A R ZK 775 SRR
1.2 REigit

TEIRE X PN 38 o T AR 0 St A K A B 2
A3 12 ARG/ NX SR 4 S K b B 3 YRR A A BE
PUX LT, 4 Ak kb B I BR 43 5] % S |
)5 7K 2R A 95% (W1) .80% (W2) .65% (W3) Fll
50% (W4 ), ikt b 1< ) [a] — b 2 350 e
A2 RN A W P T A ) IO | 5 T 6 45 S
i ,2022—2023 4R A AR 56 0, Of 3 450K
I3 AN R FHBEDLHES 7 XA i (B 1) o 33/
XM 4 m IE T IE, TEREAS /N X 23 08 i &R
4t , AORUEREREAL BB 5T R , /N X B3 1.5 m R4
AT IK A5 TR B 52 M, 3 56 DXL 25 % 2 22X 2 T A
P [ ARREIK , REE K S {6l FH HE W A 5, DAt/ N A
YR RSN, A/ INAZ Fivie 56 FH B PG S b IX 32 4
PR R ME 22 E TR TR X B AR ™
ERIGIK AR, FRERRH 25 em S47HR
Be & SRR 2S5 5]

RIS FP R A N TR AN TR B Be iy A K R B R
KU RS T A B R 5y i 508 8K 43 77 A



220 11

WRIRSE 45 BT IO 19 JE AMLFAZL A1 T8 I - 1 35 7K 3 My D A 8

359

106 E
;ﬁ}?yf/m

108°E 110°E
T T

38°N

34°N

0 150
km

(a) REE XA

Fl 1
Fig. 1

MR Re R/ NE RTINS, B TR
TR PR, 5 v A S X AT A W el 2
JEAFTE IR0, PR R B 479 3 R 2 0 4 /N
HAER IR G, 2022 SR T3 A1 HE4
A3 H; MM N4 A4 HES A1 HHERAS
A2HZ6 A1 H, 2023 KWW N3 AL HE
28 HHhiFEI A3 A 29 HE4 H 25 H#ERDI N 4
H20 H&Z6 H1 H,
1.3 REHIERE
1.3.1 EZEIRERFS

TE2.5.8 11 /NX 4 /> [a] [ H K 534k B[] i
INKE )7 S —411 RILTAMERE LIRS . 3%
44° 2% +0. 1°C LA BE 2.5 m  RAE MBS 2 min,
B LD S N IR T3
1.3.2 K23H

R X AL N RS, il sk EEAR S
SR KRR S B R A ] B] G N 2 min, %
TR IEES RN R S SR 1 s,

xR1 SEEESY
Tab.1 Meteorological sensor parameters

"ESH G IRAR A BRZEVE
pNCEEAT) Apogee SN500 £0.001 W/m?
+ e HFPO1 +0.001 W/m?
KATSE +0.1C
A S8 HE2ASS +0.8%
A Lambrecht 14574 2% FS (FS & 60 m/s)
SR L Apogee ST —411 +0.2C
HHEE KR () TDR —310H +2%

1.3.3 +HEEIKR

FIH TDR — 310H HY A daf )z 5 3 F X% 4 38 & 7k R
PEATESE W KGR 2% ,RAERIFEA S min, 7E

(

o) MRS (d) HEFHH

RGN XA B B A

Test plot layout and equipment

2.5.8 11 /NX AL % 3 > TDR —310H #ifE
JEE  HRR M 10 20 40 em, f2 A8 i E o
TR T SR M B3 SR BRI R4 IR
{8 ,1EH 0 ~40 em + 2P HIEEKE TR0
Mo RRE WA/ N E R BT BARRIGshEHIX
8, HOK ARG S VEY K o3 RO B VIR G
1.3.4 mQ% 2
1 TC AALHE 2 BAG AR PR IA /N2 R 2T

ViS = fg'% K H 4 45 Matrice600 Pro 7N Higs Jo AML,
IR KA 6 kg, BAFAEEE £0.5 m(FEE) , 1.5 m
(K, B int [ | RAT R E s e A, 35
AL XT SRR AL, AP A R o0 A i v
FALHL(VO, ) TGRS AR HER R 640 18K x
SI2 MK W KIEREIN 7.5 ~13.5 pum, = B A E#3)

i £0.03°, I R4 BB A F BN B KUY
HHATE IR S5k e 419 1300 AT 1500, #8478 A
HURZLANEAGRSE , I RAIE R 08 70 B I 76 5 A
] N S8 RATAE S5, T AML AT BE 1B N 20 m,
1.4 {E¥/KkoEMBIEE

CWSI it A AT sy
(Tc_Tu) _(TC_TJLL
CWSI:(TC_TQ)UL_(TC_TJLL (1>
Kp T—EZEE,C

T,—RSRE,C
(T -T,),— <2 TEL,C
(T, -T,),— <2 FEL%,C
CWSI T 0, 7K 73 bRy 78 A2 CWST #2230
1 AEYIZ BK S bt i ™ 8, ARl bR SR A iy
AR, CWSI & B A FIE
1.4.1  {EYIK S e F8 5088 A =X (CWSIt)
Jackson %" 1981 4F %E F fE O 7 )7 A2 A



360 & ol HLoB cE 2026 4F
Penman — Monteith A ZCHEH T CWSI FBLS AR AY  H _ Y VPD _
qup—Taﬂ%%/?\‘j] (T('_Ta)l,ll_(Tc_Ta)l/‘LA_I_,y_A_I_,y_
r r,(R,-G) VPD
_r _ra(R”—G) 7(1 +i) B VPD pe, AZy_A+'y (9)
P ay(1e) aey(ia) M2 PRI S MO 5 A5 (CWSTe)
r, r Tdso 2510 5 | fE WS LEZEHOR L T, 5/ IR 22
(2) 1 VPD R A B ENEME R, WA AKX
Hrp 4n(mu—@2 R vPD &R R
A+fy0 (W, <2 m/s) (T, -T,),, =aVPD +b (10)
ro= (3) (T,-T,),, =max(T,-T,) (11)
(Intz=d) : KA a0 b AHRR
Zgu (W,>2m/s) BHRL R AR T S e B AT B
12837 -0.003 0T (ay ETEIRLI TR HOR I T, RIS
i F UL B HE A7 804 | ARSI CWST 230 23 20 F 3
y=0.665x101.3 (P20 009ZNT () gy pspim 1 o by AR R R
7. 277 SO IR T, - T, F VPD 4158 SR LA
4098 (0.610 8exp (m J) HEI(T, - T,) , M VPD B IELAE Y CWST £50 2
A= (T +237.3)° (O)  SFaELk, FAESE H 010 Bl AL E 22 51k
VPD =0. 610 8exp ( 17.27T, )1()() _RH ) O3 TR e Y e RO IR A R
T,+237.7) 100 1.4.3 VEIKSMAEB0R 4255 (CWSTh)
K, 3B J12# T, s/m Ekinzog %" HFFE 20, CWSI 456 15 FH 5 45 41

C—— G B, W/m?
Rn—ﬁ*ﬁﬁj‘,W/mz
P SR ,kg/m3
c,— =",/ (kg-C)
y—IRETHE L, Pa/C
r— 2 KRS BT, s/m
A——EFNZEVREXHER B A A3, Pa/C
VPD—A /KR , Pa
S L2 m
z,— MR VRS = B2 Y 0. 13 %, m
d—F V1A% B R 19 0. 63 £, m
F——RITTH 0. 4
S e AR XGH  m/s

Z— RS, m

W, —— X, m/s

RH—HIXHZ R , %

TEAL T BE 7K 5377 SR DL B VEY A 1R 7805 | el
SIRZERK  r I T I5 KM iR (2) itk h
Ty (f;,;p— G) (8)
RISeE I 25 382k, TEARIAL T 5t 73 K IR 2
i, VEZE 1 1 FH e o B0, BL i e SR 25 Fe/h, r 56
TTE TR Z B J7, Jackson 251 A5 Y | LI E JE 2%
RAEPERTALE KT, KR HEBH T R 0, Al
X(2)EE

4

u

(T(-_Tu)UL:

B —E JRBRE . SRIGRIIAE T R g X<
RN, Ty 2 AN ARSI, 3 s R )
PRI T RS AR A B HLA 05 A i BRI, (H S50k
WOMERE R THAR S R A, e iR A 5 i
(Y PR EY oy BIL LAY EDOR S Wi M ne 5 Y (Sl
AR RS T R B AR ARy v b T S
5, DN S B8 A T 5 3 R 14 (] e T A 7R A AN [
B4 PRt E, CWSI IR A AR B
L (1) fow, FRGHE (1) AL (9) 15

B _ B Yy _VPD _
(Tc Ta)l,l,_(Tc Ta)b"LA_I_,y A'I"y_
B Yy _VPD
max (T, T“>A+'y Aty (12)

1.4.4 5B RN B VE Y1 K o0 ki 155

CWSLil AW (1) Fros, T, M7,
FORAFIERH G BLT | BRI 20 1 e 2=
FIRAIRE o 5 Rl RN I, o P15 SR 4R P 2200 o
JO7 AR DRI R 8 DAy B i A1 1E 2 i ) R RCIRLEE, R
(D) SEE N

CWSI, =

[T.(t) _Ta<t+tlag)] -[T.(1) _Tu,(t+tlug)}LL

[Tc(t) _Tu(t+t[ug>}UL_[Tc(t) _Tu,(t+tlug)}LL
(13)
Xf CWSI,——75 &M N 5 B9 VR K 73 i 3a
SR




220 11

WRRde 2 . BT IR0 A TE AHLAREL S 1 8 5Kk 4 s A 361

T.(t) — BRI, C
bRV RS ) pl XoF 0 7K 4342 BT o 7 =X
R WS RG4S , min

(ELAS 1 B 1, AR SR WA B ] 25 1 % 4
IR 53 Ak BRLZE B TR 2 1 BT S ), 8 — FH AN TR 0
D 20 ) CWSIE AL AT REG I A — 8 1222
1.5 HENEHZE
1.5.1 TCAWIIALLAMEG AL B

i R HE 2545 Matric600 U JC A HLIE 2L XT
LTHMNAGAFRER A /N RET INEAR . TS0
FESGIEA JE I KA FUA R B (5, DR I 32 11 4528
B G B v TR G S B R T R 4y
S 2022 4F 240 BE (10 d) 2023 4F 216 18 (9 d) , %
Yo o i 78 3—S A, AR E M, R FLIR
Systems F¥ & BJHALL AP 5347 T H FLIR Tools, A5
IKUREEAE S % | AT ANR AT AR B IE .
Matlab 45 HMRF — GMM — EM [&I44 43 #1435 %ol 52
J25 AT BRI N R IR
1.5.2  FFT gk

Sy ek 553 D 2 e 2 AR AR A T S e s A B
38 3 P B AR 46 ( Fast fourier transform, FFT) X
ANTRIZK 3 A B 25 A R 7 2 T B e 2R A 7
DL, WA 2R W (L st [0 2 5 %o o AR AE 0B A

oM IR 1A] 22 33 A0
t1e = 10 (argmax, (1,,) —argmax,(z,))
(1=0,1,2,---,143) (14)

A argmax, (b)) —H b KT @
1.5.3 PFMM RS

il e REL(R?) M AR 22 (RMSE ) 274
PEM BRI R BT 1, B G AU R 4T, RMSE
AT O B FIOIRG B vy, R R 2R G 75 TE R
FEFR PR FERE TR, D0 S HE HUAE 22 41 25 3R I 40 A e b
J HAPERERS R BRI E it T 2,

2 HER5HMH

2.1 WBRBERHRBEZANE

LT 2022 4R 5 2023 4EAL /N A F LR
H I Ay ek 22 008 B 5 R AR IR AN R AR 5 B B M
IKAT AR EA T 35 B AR AR RRAE S e N 25 5, 2
WME 2 s, SR 8w, 7 HRE b KSR EF5E
J2 U B A3 L S RS T e P R AR Y PR A8 f A
2 KA AT K B, KA 0 {1 3 1)
T 2EE, B, ZERET, d2 R
JETF 14.00 2247 18 06 I 80 I B, R BE I 5 452
8 FTFE 17.00 A4, 17.00—19.00 ¥y
F%,19.00—24 .00 FEIRHZE

—T —T(Wl) —T(W2) — T —T(WI) —T(W2) — T —TWI1) —T(W2)
—T(W3) —T(W4) —T(W3) —T(W4) —— T(W3) —T(W4)
301 30r 40
30}

200
g g g
= 1 B 20
uc) i} i)

10F

10F
or | | | | or | | | | or | | | |
00:00 0600 12:00 18:00  24:00 00:00 06:00 12:00 18:00 24:00 00:00 06:00 12:00 18:00  24:00
) %) %)
(2) 20224£3 28 F (b) 202244 18 A () 202245 24
o T LW —TW2) 0. —T, —TWI) —T(W2) w0 — T, —TWI) —T(W2)
—T(W3) —T(W4) —T(W3) —T(W4) ——T(W3) —T(W4)

20 30k 30
& g &
# # i
5 = S

10 0F 20

or i i i 3 10 I L L I 10 1 1 |
00:00 0600 12:00 18:00 24:00 00:00 06:00 12:00 18:00  24:00 00:00 06:00 12:00 18:00  24:00
21 it 21 it 21
(d) 2023423 7 12 1 () 20234E4 [ 18I () 20234E5 7 14 1

B2 ASIRAE & S FIAS [R] K 23 Ak B0 )2 i B Rl B2 A A th 2

Fig.2 Daily patterns of 7, and T, at different fertility and treatments

TE 4 KA T 55 2 0 {25 1 0
KSR T, Fp W b B 3 511G, W
S B | B 0 K ARG, W 0 2 B

W IER A VEYIFERLRE i B i 2R AR A
KRG  (ELRf A 35 K AR AR 2 7K o3
ot s ai AL e LAIRD 28 IS FE K, ZESF A= A i



362 P

b Bl R

2026 4F

B, BT YEY R I SOV B TR B2 K R AR
S gt Jovk i ZE W VR AR, S BOR A T,
B K SR S 0855 T s B, R, e R R
AR T L BB ) A T afeaR . &/NE R KRR
S a5 KR A0 70% 76 W1 A W2 AbFEF k/\fﬂ

N BETH AR T KT oK AEW LA 2K 5 iaa |
i 38 1 28 5 FE U 15 E &, lﬁtmE%‘i%iﬂJrﬁ
25 1IN

30 e W A S [ 2 v O e AR R S B 1)
RANE 3 iR, 2023 A5 A s 1] B AIKT 2022
AE IR HAFK S AL BRI 22 5, 78 W1, W2 Al
W3 7K A3AL3ET | Ak s 1) G B AR AL R ;2022 4F
W1 . W2 Fl W3 &b 3 i} 5 i 6] 247 {5 29 24 158 min,
2023 4F A 143 min, 10 7E W4 ZbHETR 2022 4F B i
A ) 2944 139 min 2023 4E°4 122 min, i # 5 1%

2201 T 151QR [125%~75% e 34{H

ERELLER

—_
[=2
O

Wi W2 W3 w4 | wi w2 W3
20224 20234

3 ANIRIZK 734k B s I 18] 23 A

Fig.3 Distribution of lag time in different moisture

W4 ‘

treatments

ERAHERMMESIREREM CWSI EX
KM ST — 411 BY i 2R 32 4 I A% 46 ( Fixed
temperature monitoring system , FTM ) 3£ B /2 Wi B
T2 Rl A48, ) el O 22 5 6 2 K 73 e 48
¥, HBEGEHNER 2 Fios ., 2 4R SR 26 F1 CWSI
Py i 1398 K R TG AN ABAE 2 R R RN IS

2.2

T A Ty b BRI 1] LR 22 A CWST S5 AN [l i B2 sl 58 i 22 Al
®2 EFENBELNHESEEN CWSI HE
Tab.2 Means of T, — T, and CWSI with time lag effect
P P AN LI ] 2 JE IR 00,
W1 w2 w3 w4 W1 w2 W3 W4
(1.-T,)/C 0. 14 0.78 4.56 5.05 -0.75 -0.02 3.63 4.06
CWSIt 0.32 0.34 0.51 0.52 0.27 0.29 0. 47 0. 47
2022 CWSle 0.22 0.30 0.79 0.85 0.09 0.19 0. 66 0.71
CWSIh 0. 54 0.59 0. 88 0.91 0. 47 0.52 0. 80 0.82
(r.-1,)/C 0.01 1. 89 4.21 5.70 -1.09 0.78 3.08 4.62
CWSIt 0.28 0.37 0.46 0.51 0.21 0.30 0.39 0.46
2023 CWSle -0.02 0.22 0.47 0. 64 -0.15 0.09 0.33 0. 50
CWSIh 0.41 0.54 0.69 0.79 0.33 0. 46 0.62 0.71
CWST SEMIR I IR BUA 5%, IS KRIEAR, A FTREAR, CWST AR/

YEVIZ BRI B4, SALAE LA D 751 | DR AF
IR G, PR TO VA ) 28 W T S BUE )2 R AN W 3
Jn, CWSIL B2 4 &, FEA % I A 3 0 B L T
25 2 U TR B WA (R P, A0 B o A TR B,
oS IR2E AL, B, 25 RN G e R 2

N pE U | 2 U
15¢ 40 | [ 25%-~75%
L ‘ T 15I0R
I o123 — Hfig
i \ . 1.04
10k v v e g - | A |107 EECERE
I
-0.79 L i
| 0-7+ ). 74 5066
(? i
E 05 EI 0.48 045
O 0.41 .'_0.33‘ )
1937 030
015 |
OfF- -« - __007 ...... ‘ . |._._0.01 . : ............
| -_0.15
[
_05 1 L 1 1 1 1 1
CWSIt CWSle CWSIh CWSIt CWSle CWSIh
(2) 20224F
& 4

7% S RO AT JE 2 AF CWSI AS b N &l 4 i

TN 3 AL LR T 48 S AR Y v 5 B I
TR AR b A B, BRI AL o A v i/

REZBUEETEO ~ 1 IX[H] N ; L 50 EAL 5347 i il o

K,IKF] -0.55 ~ 1. 46 1R A B4 A0V FlIE H, K

1
TR R | 2 IR,
15+ | [125%-~75%
1 15IQR
Lo L H{IEL
10 oo 1}105 ......................
| | \ - -0.89
-073 | \ 06 7073
— I ¥ =D,
£05 0‘6? ! ! Eo 53
& Eow
029 1go4l EIOM
-0.17 . 0.18 -'-0.16
I 1-0.08
O T T ) T EE EERETEOY
1--0.19 | \
| - ==0.31
_05 1 L L L L L 1
CWSIt CWSle CWSIh CWSIt CWSle CWSIh
(b) 20234F

% LRI ALUN Y CWST 224K

Fig.4 Changes in CWSI with time lag effect



20 RT3

S ¢ LT I ROV A TE AR ZL A i SR 9 5 K R A A 363

T EFERITE O ~ 1 fhfE . 5 By 800 f5 | 3 A
FU%%?@@%%%%»H%&@W& 2 L& 5N
JEIREHERRATE 0 ~1 G LR,
2.3 EZEMBEIEMEENE
B HEaKEBETH
3 o ] R M R G W A /N A2 A
JeE R 25 I CWST, IR F e/ —afe i i g 3 5 K
R AR G55 5 iR, T R, 2k
BN TS IR 22 FIAR TR CWST AR Y34 5 5 KR
BERAHXIR, IR E , i 2 SR
RUFR A AR A AR R ER S, RIS
0.06 ~0. 17 ,RMSE F#AIX 0. 10 ~ 0. 34 A~ & 43 », 1M
PRI ABIARDRG FE REARR , 4 D0 J5 P Sy BRI 55 AU 5 T R it
YA R ZE S A e EM#%%FL%‘%EH\T@&
JNF, PO R AT B2 R A 7 B i 48 T AT R B0 BT

E IS R 5 CWSI

AT PR C , AT 5 AR RS 3, S M55 7 AR Y
PAAPERE Sha e v, e [ g SR W R Se i
JeE R 25 CWST B 7ER 5 I A8 A L T, 28
VAR WA SR A, R 435 R 0. 64 (2022 4F)
H10.62 (2023 4£) , RMSE H 1.52% (2022 4)
1.85% (2023 4F) ; WAL AR 22,2 4 R 43k %]
0. 58 ; IR G REALE ISR AR E . 5 RH U )
SRR W INDORG B W 35 R T HE AR, R 41 i
0.73(2022 4£) #10. 71 (2023 4£) ,RMSE 4 1.31%
(2022 4F) 1 1. 62% (2023 4 ) , TR A4 0 W 10 4

RESE R ] 0.62 ~0.76; BREH RS B Nk T 2
Loy BN g LY B | N R 0w i 75310 Bt Y A

TR ZE WIS FE AN e e HA ik, 25 BTk, % &
Fsf RSN, Y CWST 28 B AR 7Y Sy e o 3] s oK 7R 1 ol
Z G W) - 35 KR ) e AR A A

— RO — 2 O — 2 R — 25 R AN,
= =N RO - = R% R — = R R A N —K%Fﬁrﬂuﬁr‘
L *R*=0.68 L *R=0.48 2ul °R2=0.73 | °R=0.7
A0 Qg 0 RM\Eﬁl 42% 21 ¢ Yo% o RVMSEH1.82% 24 S RMSEW131% B owgtene R\l‘%Ejﬂl 25%
<k ® eR¥=05 < 1l e’ op2() 64 <ol ° R2=0.58 .ol el o R2-() 61
g ° RMQE%ﬂ 6% & 3 T 4' -R\lSEjyl 529% & 2o RMSEjgl 64% & oo oRMSEN1.57%
% 20t % 20t Foop ™ q E‘im— -
= = . X 3 .
é‘ﬂlg <ﬂ18* * .= 4?!118, 4‘1:[18,
¥ e & : . O -
H el \ H 16k +H 16} 0Nl e H 16l N
e o oo e o N L I ~ -
14 1 I4 1 ! 14 L L 1 1 ] 14
-4 0 4 8 12 0 02 04 06 08 04 0 04 08 12 16 0.2 04 06 os 10 12
(T-T)C CWSTt CWSle CWSTh
(a) 20224F
— RN — B IR — & R — 2 R AN
= = AN R AONE = = A IO =~ R IR RO = = AN I RO
28t s R=0.47 28k o e °R>=().52 28F oy o oR*=0.71 28F o °R?=0.62
Cey ® e Lo RMSE#2.17% % 4o Boe  RMSEH2.06% o Ceste  RMSEN1.62% ° erl o R\ISE%JI 84%
< 26+ l'-. ° R2:=0.41 < 26+ 3 3\ o'-.- o R=0.62 < 26 “o. o R2=0.58 < 261 o ° R=0
& 24 *RMSER229% 2 o4t s RMSEW1.85% 3 o4l . y RMSEN193% = 24 R\szgz 03%
Ezz— oy e Tt : gzz : g s
#0200 ¥ . # 20} 2 20} 20} .
stk oo a0y, * Y gl +H sl D sl '\\,‘
]6 1 1 L ‘ 1 ° ] 16 L 1 L 1 1 16 L 1 ¢ ° 16 L 1 1 L I. 1 ° J
4 0 4 8 12 0 02 04 06 08 -04 0 04 08 12 02 04 06 08 10 12
(T-T)C CWSTt CWSle CWSTh
(b) 20234%:
Bs5 HEFEERBEWNRAT, - T,/CWSI i -5 KR
Fig.5 Inversion of SWC by T, — T ,/CWSI monitored by FTM system
SHE 2 £ 3 2y v > s >
2.4 EEMERMNMT AVBMON GRS 55 e AR WS R G L, SR C APLR S

CWSI M5l T3Sk ERBETWL

SRy PR DR e W DU L/ I A FHAS 5 Y ] R, R
FHTE AL S 2R G W I 498 5 /K 5 it fie/h —
et gt 5 E KR M A B, 25 5 an K 6 i
TN MMM IR ZE R R CWST R 5 +
TR BERMEK R, FH BRSO G , wA R 2E
CWSI B AV AR S AN B2 A BT i 7t 1 7E 2022
AR 2023 AR [RICRAFAE 22 5, 2022 4F RP$ETHIR B
R HETN0.06 ~0. 12, RMSE F#% 0. 10 ~0.22 1~
43132023 AF AR TR D RP 38 0. 02, RMSE FEAIX
0.03 ~0.06 A 435, BEISAIRE B 1E % JE A 3%
IE S A T REARG, D R ) [ A et W 2 2R

E‘JEIUH*%TE%UE&,H%)ﬁﬁﬂ‘?%iﬂlfi:*ﬂ#%ﬂﬂ%ﬁ
XA R, 7R HIC ABLIRZT S I 2R S 153 e ]
ZH CWSI i, %‘A%E\%Jﬁﬁa‘{mﬁﬁ,%%ﬁmi@
T TR AR 2 T it I 22 A RS AR 7 0
DA 22 HANERAE o 5 JEC IS ¥ty 2080 I T, 28 9 A A4
X S K AR WO FE RN RP R 0. 45 (2022 4F)
F10.49 (2023 4£), RMSE K 2. 14% (2022 4E) FiI
2. 19% (2023 4F) ; % JEIHH AV 5, R? 20 A2 7+ =
0.53(2022 4E) 1 0. 51 (2023 4E) , RMSE 43 51| B A%
% 1.99% (2022 4E) Fl 2. 13% (2023 4E) . REH
RUR 2, A 2% [ B A 20N B R 43 51k 0.44
(2022 ) A1 0.43 (2023 4F), RMSE K 2.15%



364 ol AL o ¥ Ik 2026 4
— R — RO — RO — 5 BRSO
= =R R = = N RO = = R RN = = AN ERTROY
- R=0.53 <R=034 - R=0.53 <R?=0.50
RMSE%1.99% RMSE %2.35% RMSE %1.99% RMSE %2.05%
28 “R=04) 28 "R=0.37 28 - R2=0.45 28 <R2=0.44
RMSEJ2.21% RMSE J2.30% RMSE J2.14% RMSE J2.15%
26F H221% 26} SEA230% 26} : ? 260 pom o H215%
& 24 - i 24f %r 24f ;
*?222 Jr% 2} Jr% 0t
2120 41 201 4a 201 VL .
B gt gf ® 1) PRy o
H H H i
16} g 16F 16} s 38
14 C 1 1 1 I’vm ) L I ]4 L 1 1 L L er 14 C L 1 L 1 1 1 1 14 L 1 rnT . L
8§ -4 0 4 8 12 -04-02 0 02 04 06 08 08-04 0 04 08 12 1.6  -04 0 04 08 12
(T-T)IC CWSTt CWSle CWSIh
(a) 20224
— R — 25 R HRR — & R IR — RN
= =B RERRON = = RO — =R RO — =R RO
nzczzos% R=04 ;g < R=0.51 a1<2:0.4%
RMSE #2.39% RMSE #2.34% RMSE #2.26%
30f 30} X R=0.42 30} R=0.43
28+ 2t coe. © RMSER2.33% 28t .. = RMSE#2.30%
S 26 S o6t e & 26 Wi
Zﬂ'zw iﬂ'm— * ﬁm—
40 22f . o 22t AR &1 22f
ifﬁ 200 ) ﬁ_ﬁ 200 o *ﬁ 200
18- Sug 187 Lo N 185
tep o lof . e e tep
20 =15 -10 =5 0 5 10 08 -04 0 04 08 -20-15-10-05 0 05 1.0 08 <04 0 04 08 12
(T-TYC CWSTt CWSle CWSTh
(b) 20234F

Ko FTIRANRLIMEMRGT, - T,/ CWSI I 13 5 7k 5

Fig. 6

(2022 4F) F1 2.30% (2023 4F) 5 % [E R ALY )G
Ry B4 TH 2 0. 50 (2022 4F) 1 0. 45 (2023 4),
RMSE [ % 2. 05% (2022 4F) 1 2. 26% (2023 4E) ,
e 2 B AR IR WA I Ak SR A B AR e M Y
ANUNETFI A, R, 25 R 0 ) CWST 25 B0 A
Uy 38 52 TC A HLARET A I 22 40 W]+ 358 5 7K R 11
e AR
2.5 EERFEYNETESKERER

i FHIC AHILIREZT A a0 22 256 10 00 398 5 7K
AT | R 25 R RLON; ) CWST 2R B0 A8, 43 5]
7 3 A E I B AL H Y], 2 T AMLIRLT S ik
FIEEARRREE (7)o BT AT, SR FR S
IKFIARIE 14% ~26% Z 8], Bl 2R H 55K
SR AT R BIESOICRIE, S 1b XFHr
BrRT A 80, 5 38 Pl v 2 7K S50 B S e i TR 7K o
ACFEARAT, LA 2022 4E 4 H 18 H 1300 A, E%
2.7 12 /NX il XN W ARBR KR 4 .61
AN AR KR W2 AbFR S KR 5 1.8 .10 /NX i
ZL, 050 W3 AR, S K A3 5.9 /NXER AL, X
W4 b SRR, X EE 2 AR K b B AT DL &
IR, ANTRIZK G5 Ab B 2 ] 1 5 7K o3 S T L PR A
2R N A — K A b B R, A K R A
AT EATBGRAR U . BT/ X O BRI AN 34
57,5/ INK N IS KR R R AR e,
A, PIASTR] H W b vk 8 s 18] 1] B AS ], 9 ELRE %5
A H AR VY B FHBOR R B #1035 K

Inversion of SWC by T, — T,,/CWSI monitored by UAV thermal infrared system

IR H 257
3 i

3.1 HIEESKEITNIT B BT E A 50
3 K 3R 5 ) A A () A R R
Wullschleger %5 A Ay st 268 17 78 25 - 3855 7K Fopk
UL T LR SRTTAHE S B W1 W2 (W3 3 K43
A B i B[R] VA W 0 2 R T W4 K 3 A B JS
B ] S 3 oA 3 N ah L, IR 3 RTRLE £
HARK 3 2 (> 65% M RIFE7K 3) 1) By s ] 2%
AR/, 5 LIS KR T FEZ (50% ~65% ) WAl
TR B B (] ) 0400 e, Ao 5 SR e ] 4
FrK M I R MR A OC & ) AE 2 dE 4 T,
0’ grady 557 ARy, MBI /K 43 36 A2 6 B3 k] O
AT 35 K R 3k IR R i i I [R] E2E AZ AE
YyZE IS VE RO 7 | 7E S K R T A R
IR FEATH AR W 1E H AR PR Sl T oK, 28 B
JFEPRAFAR S — 20, i I B) 22 A0 0N 5 24 RIS K 3R
Wit 22 e AL A A B 7K ARk 7 TG 32 Ak R VR E
) A SR, VR 38 2k W AL A5 IR BIL I 40 1 7%
PEFE R, TR K ST RE S T 28 1 8 B0k
55, e A R S AR WA B[] A R S i
A EGE R 5 KA B W E = 8] 1 Hir f5 I 4
B, TEKIT SRR ZE VR RIS i it e & LA
TWEPIE AU A 5 )23 Yk B 70 AR 5 B[] 325 28] 0
B, MAETREMT, SALOCHIN I ZE 1 LR



5520 WRIRSE 45 BT IO 19 JE AMLFAZL A1 T8 I - 1 35 7K 3 My D A 8 365

26

[
[

TSR %

14

26

3
IS E %

—
el

14

26

[
(8]

TSR %

14

26

[
(8]

TSR %

14

26

S5
[

TSR %

26

[N
[

TSR %

10
(f) 202345 4 14 H 13:00

FI7  TEANUIRELSP A8 K 5 S Je 45 2R

Fig.7 UAV thermal infrared inversion map of soil water content



366 P

b Bl R

2026 4F

PIE RGBT 80 2 P BUR IR RREE
Th WA BUAE IR | KA TR W {7 R RO 5 A =
T A AR A SE T I 2 f5 Pl T T 5T, 1%
{ELIATHE | S S0 A ) 46 0
3.2 EHERIRIAT Fo A HLIAAT S E R AT 1 18 A ok

REFMm

2 LSS L B I O S, B AR A J i A
B KNG A T T R, Tl 250 05 IR A AL
KGR 2EFE bR W 0AE BE R E AR T (I’ 5.6) 0 A
IFFE 48 AL B X 2 305 3 R0 A IO 6 S5 4 i) i
FEAE— B i S I, VA 25 19 ol 3R 0 2% (i it J 2 1 8 I
FHB BRI RIS R, 51 AR RN AT LA AL
X —ERFRAE . 7EAR % B RO G LT 1E
YI7K 53 W 3 R H AT I JE— st 220 (%) e SR 25 A B
AR X R 0] /B 4 T BOB ARG BRI AR
FEW shit U 5 AR 5 AR g E—
AERREE b AR B AR B e S AT 7E R 2 28 A 1Y
RGN IR SR T M

PRSI JL T Al 0 V-l 7 B S B AR
HEERSHRBERE BESSLHNFHIEX
FRWK 53 0, 75 19 o R AR B RR A8 R R — 1Y
H I A5O , PR I E E  — g R AR TR
WS AR, SRR B R 2 B Z,
PRI B 37 25007 2% 38 B B0 57 Z= P, AN 51 A
RO B K A S B e s S8 A K
SRS TIDRS BERRAR ), TR A AR FR 2R ) 22 B0 A5
I IR TS AL A T N LR A%
IS ABE TR 1 B FRT i R P AR Y O Sl AR R A, 2 %k
P RAE A Z BR  JC a2t 22 1 78 40 I 4%
P55 2 U B T AR 4R B AR R R SRR B TR A A AR
AP RGBS T AR SR R O E R+
B KRS bR
3.3 FAREERBENBES T

i 3 T AMLARET S i AR e 2 18 I 151
Wy K A I 8 B 3 5 K R DR A1 1 2 =X
LT AMR AL AR B 725 | AR RN IS , e ML
2T 4N SR W DR B S R T RV SRR B [
LT AN A s W 0 25 S, AH 458 5 7K 38 i 1]
(7K 5B B SR T T K b B W A

AT TCAMLRAT S 20 m, 177 b 1 21 A1
JEAL IR S IE B M TR Y 2.5 mo TC KL B o

LLAMESHE 5T S R KA, Z BKR VAR
WEAF R T, 51 T 38 AN M, BT TR
SORE L [RIE B B B B, ST SR A 5 e 2
AP REOINR, S BN R 2E R, AR /N X
BE T KA REEEALBR (0 1 5 ANy | 1K 4y
W12 R EBEAE AN R R A /NX K5
YA EA AR S R A WA AR, st
TR AL A I 1l 440 242 1,01 m BTE M 310
FUA 3,205 m®, Wi Jo A MLEL A1 5 A 8 5T 1 /0 X i
R 3 mx3m(9m®) e, i K F e R er sh R
P RS W T AR [ 22 LT AN B A% IR RE RS A Vi
/8 DX v g s 428 o 7K - Ak 3R /N X8, 2D 1
INDR PR A S P AR AR A R s, R T AL
ST AP IR BAERS FE b W ath T [ 22T AR A IR
THEA AR A5 E | IR A P #, SE
AR RN )

25 LR A 5 o R B 800 X TE AL
FRAT A BRI - 48 5 K SRS ) R T AN R Y
SWC WIS A X A b AR 28 18 SR HE AT T B 3 AL R
K, AT 4 A 2 HUE B 100 B 1sf 1) 5 A [
Xof P 9 2080 87 X6 TG A ML LT H1 18 Jo% 1) 5 M L 3L i 95 A
TR AIRR . UL, J5 8L it 5¢ vl i — 2 i k7K 43
A B PR B Bty B[] 9 228 1) A BB, 25 6 22
T8 328 BRI R SR A PR 5 B 5y X e A AL
LT AN HLEE

4 #ig

(1) B R E K R E R TERAR
YRR T H KR (50% ~65% ) 5
(LR, Bst i) S 2 4

(2)2 Flr CWST #ERY ep | B8 55 R 43 A3 Y5 e de
JIN, AR Sy A 3 IR K TR A A U e 55,
JEBFIRALN I, CWST FAEFEAS 0. 05 ~0. 13, IR G
R i A R

(3) T i JC AMLEET A1 W I 22 G 38 2 [ 5
IR EE W 2R Ge gk O 2R, 5 A 00 e,
VAR A - HE A K R INORS B2 A, 1T 2 oA A TR
R R 5 A TR 2 A5 AR - 8 5 K R W T A I 4
Mo TEPTA A Jo ML Hh Wi 2R 48 F [
FCIR B W 22 20 W 8 B 7K SR B AR ) Sl 5
IR ) CWST 2856554

£ % x o

(1] WAL, K SREEel)]. mEASRIZMR, 2014, 22(8) : 880 - 885.
Kang Shaozhong. Towards water and food security in China[ J]. Chinese Journal of Eco-Agriculture, 2014, 22(8) ; 830 - 885.

(in Chinese)

(2] fiscst. PEELH AR EBRESEHHETRIT]. £k TR, 2010, 26(3) . 1 -8.



%520 1) WRIRSE 45 BT IO 19 JE AMLFAZL A1 T8 I - 1 35 7K 3 My D A 8 367

(3]
(4]

(5]

(6]

[7]
(8]

(9]

(10]
[11]
(12]
[13]

[14]

[15]

[16]
[17]
[18]
[19]
[20]
[21]

(22]

[23]

[24]
[25]
[26]

(27]

[28]
[29]

(30]

Ni Wenjin. Development and technology requirement of China rural water conservancy|[ J]. Transactions of the CSAE, 2010,
26(3): 1 -8. (in Chinese)
Evett S R, Schwartz R C, Casanova J J, et al. Soil water sensing for water balance, ET and WUE[ J]. Agricultural Water
Management, 2012, 104, 1 -9.
BT, XU IR, Dok, % Ol T i H bR K FUE BT A BR G R [ 1], Al TREEAR, 2015,
31(16): 186 —195.
Huang Youxin, Liu Xiuguo, Shen Yonglin, et al. Advances in remote sensing derived agricultural drought monitoring indices
and adaptability evaluation methods[ J]. Transactions of the CSAE, 2015, 31(16); 186 —195. (in Chinese)
BRI, AR S B BERE )], R, 2014, 45(12) ; 277 -293.
Zhao Chunjiang. Advances of research and application in remote sensing for agriculture[ J]. Transactions of the Chinese Society
for Agricultural Machinery, 2014, 45(12); 277 —=293. (in Chinese)
Heilman J L, Moore D. Thermography for estimating near-surface soil moisture under developing crop canopies[J]. Journal of
Applied Meteorology, 1980, 19(3) . 324 —328.
Tanner C. Plant temperatures| J |. Agronomy Journal, 1963, 55(2): 210 - 211.
Idso S B, Jackson R D, Reginato R J. Remote-sensing of crop yields: canopy temperature and albedo measurements have been
quantitatively correlated with final harvests of wheat[ J]. Science, 1977, 196(4285) ; 19 —-25.
Jackson R D, Reginato R, Idso S. Wheat canopy temperature; a practical tool for evaluating water requirements[ J]. Water
Resources Research, 1977, 13(3) . 651 —656.
Idso S, Jackson R, Pinter JR P, et al. Normalizing the stress-degree-day parameter for environmental variability [ J].
Agricultural Meteorology, 1981, 24 45 -55.
Jackson R D, Idso S, Reginato R, et al. Canopy temperature as a crop water stress indicator[ J|. Water Resources Research,
1981, 17(4) . 1133 - 1138.
Bounoua I, Saidi Y, Yaagoubi R, et al. Deep learning approaches for water stress forecasting in arboriculture using time series of
remote sensing images; comparative study between ConvI.STM and CNN — LSTM models[ J]. Technologies, 2024, 12(6) ; 77.
Zhu S, Cui N,Jin H, et al. Optimization of multi-dimensional indices for kiwifruit orchard soil moisture content estimation
using UAV and ground multi-sensors[ J]. Agricultural Water Management, 2024, 294 . 108705.
SRR, IR, B, . A/ TR I R AU ROV S I BEIE (0], A LR R, 2023,
54(11): 359 —368.
Zhang Zhitao, Zhang Qiuyu, Yang Ning, et al. Time lag effect between winter wheat canopy temperature and atmospheric
temperature and its influencing factors[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2023, 54 (11) .
359 -368. (in Chinese)
POV, TR, #h5, 5. N[V S AR B4/ N SRS S B B OK R B sEma [ )], ARl TR 4R, 2006,
22(9): 58 —63.
Hou Liantao, Jiang Xiaodong, Han Bin, et al. Effects of different mulching treatments on the gas exchange parameters and
water use efficiency of winter wheat[ J]. Transactions of the CASE, 2006, 22(9) : 58 —63. (iin Chinese)
Banerjee P, Ghosh A, Kumari V V, et al. Effect of canopy temperature on physiological processes of grass pea as influenced
by seed priming and foliar fertilization[ J]. Journal of Agrometeorology, 2021, 23(3) ; 340 —343.
Huang J L, Wang S, Guo Y H, et al. Hysteresis between winter wheat canopy temperature and atmospheric temperature and
its driving factors[ J]. Plant and Soil, 2022, 499(1): 55 -71.
Lu C, Xia S, Jing C, et al. Plant temperature and its simulation model of thermo-sensitive genic male sterile rice[ J]. Rice
Science, 2008, 15(3) . 223 —-231.
Zhang Q, Phillips R P, Manzoni S, et al. Changes in photosynthesis and soil moisture drive the seasonal soil respiration-
temperature hysteresis relationship[ J]. Agricultural And Forest Meteorology, 2018, 259, 184 —195.
Katimbo A, Rudnick D R, Dejonge K C, et al. Crop water stress index computation approaches and their sensitivity to soil
water dynamics[ J]. Agricultural Water Management, 2022, 266 107575.
Ekinzog E K, Schlerf M, Kraft M, et al. Revisiting crop water stress index based on potato field experiments in Northern
Germany[ J]. Agricultural Water Management, 2022, 269 107664.
Singh V, Marinescu D C, Baker T S. Image segmentation for automatic particle identification in electron micrographs based on
hidden Markov random field models and expectation maximization[ J]. Journal of Structural Biology, 2004, 145(1 -2):
123 - 141.
Zhou Z, Majeed Y, Naranjo G D, et al. Assessment for crop water stress with infrared thermal imagery in precision
agriculture; a review and future prospects for deep learning applications[ J]. Computers And Electronics in Agriculture, 2021,
182 106019.
Zhou Y, Lao C, Yang Y, et al. Diagnosis of winter-wheat water stress based on UAV-borne multispectral image texture and
vegetation indices[ J]. Agricultural Water Management, 2021, 256 107076.
Wullschleger S D, Hanson P J, Tschaplinski T J. Whole-plant water flux in understory red maple exposed to altered
precipitation regimes[ J]. Tree Physiology, 1998, 18(2): 71 -79.
0’ grady A P, Worledge D, Battaglia M. Constraints on transpiration of Eucalyptus globulus in southern Tasmania, Australia
[J]. Agricultural And Forest Meteorology, 2008 148(3) : 453 —465.
KERE, RRE, T2, % EEAE S 25 Al 4 B 007 F 6 K 43 s Bz ()], gl TR =4,
2022, 38(1) . 117 - 124.
Zhang Zhitao, Wu Tiankui, Yu Guangduo, et al. Time delay effect of summer maize canopy temperature change and its
influence on soil moisture content monitoring[ J ]. Transactions of the CSAE, 2022, 38(1): 117 —124. (in Chinese)
Kaufmann M R. Evaluation of season, temperature, and water stress effects on stomata using a leaf conductance model[ J ].
Plant Physiology, 1982, 69(5): 1023 - 1026.
Jensen H E, Svendsen H, Jensen S E, et al. Canopy-air temperature of crops grown under different irrigation regimes in a
temperate humid climate[ J]. Trrigation Science, 1990, 11(3) . 181 - 188.
Masoller C. Distribution of residence times of time-delayed bistable systems driven by noise[ J]. Physical Review Letters,

2003, 90(2) : 020601.



