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Response of Crop Water Stress Index (CWSI) and Canopy Temperature of Apple Tree to
Irrigation Treatment Schemes
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ABSTRACT

Crop response to weather and internal water pressure changes is more sensitive to crop water stress than soil water content. Recently, its implementation
to optimal irrigation scheduling has been receiving much attention. This study was conducted to determine and compare the theoretical crop water stress
index (CWSI) using meterological data and canopy temperature collected from three different irrigation treatments, which were Tr-1 plot (rainfed), Tr-2
plot (50% of daily evapotranspiration (ET) irrigated) and Tr-3 plot (75% of daily evapotranspiration (ET) irrigated). The readings of canopy temperature
and CWSI were significantly different among irrigation treatment schemes. The average canopy temperatures and CWSIs of Tr-1 and Tr-3 plots were
34.6°C and 32.6°C, 0.79 and 0.64, respectively. Solar radiation had the biggest correlation with CWSI (R=0.68) which was followed by wind speed,
relative humidity and air temperature. Overall, the findings of this study indicated that canopy temperatures and CWSIs could be further used for

irrigation scheduling for crop growth.
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7] ofelg) wlel] Wagk §4ae] HAWSA A
Kol glck. sk o] FJAREAT GAL U W AL
MY JBEAANE 2ok S BAHO] WA B 4 9
oF (Aguilar et al, 2015). oJoll Eok} 714 5 22 B3
of RS i 2019) Wsll mE AT AEds GRS

I siat o

2 - Q) HPHOE 2ok, o8 4B WS
APAA o 8ol AE0] FAF Eojual QUot (Erdem et
al., 2006; O’Shaughnessy et al., 2012).

-9
714, e acQlor HAlets AEY Ao 5EAHCR Y
Asl7) e B AEdA YA S F7H717
WS $AS 2UIE 5 AE W A AT 28
(Dresselhaus and Hiickelhoven, 2018; Bohnert et al., 2006;
Song and Lee, 2012). SFA|9F 2Heo] 5|83 4= Qli= AEH A
O] A=E dolAA =9, AW 2245 &8 A= ot
Hh-o] UetuA Hef 2 Ag o B¢ 5o HEY

of, AEYRF fa, e R EEAE Ak Ve, SA
& Ask AE 2 A, fiel ok 5 AEHA 8900 =F

B ARE o] meh ot ihe YERhY, ol A=

8o YUY A5t W FA okt e Hek (Woo,

Segss) =iy A61E A5E, 2019 23
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2003; Limpus, 2009).

g EAM] (crop water status)= T 7183 274,
EopH FU A8A W SelAP Teln 2 we
o] 2B AL T ofg Q9lo| upef 2HE0] HEe-S sk
Ao, EoF Auiq_ g wzst X #2k g 4= Qlth (Jones,
2010) AE SH AEGAS Z] - 7HHFoZ 2A 1 Ags)
u} Fatet vlaa gegdo] ot de] ARgELL

= 1
243t Aol 40
Al + B7F Ho|E A o] o]3L o] ¢ E]- (Scholander et al.,
1965; Zarco-Tejada et al., 2012; Bellvert et al., 2016). o]& =
83)7] 99 2 5ol AoIA LESAT BRI 4
g & o d5-50] Wol o] FolA]aL §lrt (Kim et al,, 2015;
O’Shaughnessy et al., 2012; Calera et al., 2017, Amatya et al.,
2012), Gt wbE 5 Belo) Sgke Betell 44
S7] e B 9 53 a2 Wme] AT 3
o] =as}7| wiZ é;ﬁﬁr o] HiL Al&3 A =5
A} & vjm Q) s e Ropo) dse B
Eolubal @It} (O’Shaughnessy et al., 2012; Thuoma and
Madramootoo, 2017; Amatya et al., 2012).

A% FHAENAS AUSHT Ae] FEIH ATEol
njat Soj| A Wo| o]Fo|Z] 1L QJt}. O’Shaugnessy et al. (2012)
& Ao AN S o]8) A ST L] A - T3k vio]
£ 245k, A4 WAY JAHEA DS skt &
23199t} Osroosh et al. (2015)2 SHAAIZIT) (midday)2] A}
RS e s At A= a8 2EH 2 25 (Crop
Water Stress Index, CWS)&} &7] -8 ZHA AJo]9] =&
ARSI, B CWSI9] A Aesis 71
WPt e CWSIel 3412 HAstel Aol thet Qg
2] sh= 54 WAl dale]ES AESteITh Erdem et
al. (2010)2 B22a] AulS 3 H7 TA ] PAA R
SRS o) ABA CWSIE BEI ATLE Sl
CWSIE 0512 83192 o 43ko] Pg ooty skok
E5k CWSIE 2Hgslo] HRge] Sas o33 & gl
SR e e el £ 1At B35
Ofgh 24 EntE o] -2 W3} A5 (Nam et al, 2014),
HH H:Ho] Eok/\ﬂ UI iE__] JJ—‘Q—/H E/HJ/} .g'_oﬂ ];(]
3k (Choi et al,, 2017) & ZHE9] S~EAEH AL} A
A7) WO, obd] 27] BAe] AP gl
7Ie e fleiAe B2 A97F Zasi

59 AR BT 51010 A5 QHEE S ol
Hope Aest WA, & sk A7 F 2As=
Zlo] Sasiehal & 4= Qiok webs 2 dAFolM= WE
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52 ke sto] ASIH O R AhtRe] i AEdA
gep sont, el wal 8 e gstetet
2 B3] AR S AEY A Aol S AR 1
watgow, Gt /Y 23S 5ol usty g oz Al
B} 7R BIsksict

A B2 Y AT Y

E AL AE 434 A AQE’ AR (Malus
domestica Borkh cv. Sinano Sweet)S JAFC 2 2018 6
FE 947 A5 SEIGICE oF 2 m A0 19 Auj
o ARE AR o LF ROl A AR 3~4 TLE A
ol 3709 Agate FaEstgled, 24 At & JJFFJ
o] g i AEYAS A flste] IR o
27| sheleh. AbpuRof] QIfIF o7 i AEYAE 271
flste] WS SHA| Gar Zh-ofl ofEsto] Ete|7t €
(A1, Tr-1), 2 FLAHFY] 50%E et < (ﬂﬂ
T2, Tr-2) Z12jal 724 Sibde) 75% BN -9 (A
T3, Tr-3) 02 24513t B 59718 Zefitol-
ARHAH] (RDA, 2016)5 3tarsto] 4~59 7H4
SOy, el et Wl 2 1HEE © e
Stk

ZHEo| Q3 IRl SRS 7|E0 2 ALl om,

H Ao FAATAEFEY 7] (Food and Agriculture
Organization of the United Nations, FAO)o]| A HA1 &0 & A}
£35}31 Ql+= Panman-Moteith EquationS- 2-g-5}o] A5
t} (Doorenbos and Pruitt, 1997). Panman-Moteith Equation-
R AL ] = Y ZA]7E (sunshine duration), #]117]-&,
A7, PSS, HAYHSE, 21

g3to] SHAERS APseE W olt) (Eq. 1).

o=EZ o=

IO
|o
fru
N
i)

.\.L/\ 1:0 o]

900
0.408A(R, — G)+ y{m }ug(es —e,)

EL.= A+(140.34u,)

<K, (1)

oJ7|A, ETe= AAIS AN (mm/day)o]3l, Ry AR
MJ/m*/day), G= E%F € §<EU % (MI/mY/day), Trens 2 m
Eolof|A 9] UBH7]L (°0), wr= 2m Eo]o A 8] T (mfs),
e 3571 (kPa), exi= AA| F719F (kPa), A F719F
T 7187, v AGA A (kPa’C) 181 K= 2HEA|
sroltt
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W AHT Abole] 43 oS Aa] ot
A3} 40 em Zo|71A] Futo] The AA|sIaL, LJFolA | ‘?J
= 5o Apdslr] figh 2ol viR e 248 o], IEE
ALfgt o2 2459 Gl gl SHAA AHER ‘rTZ]
] skelch
2. &g 2 AEY A X5 MY

CWSI= 2Hgo] 4o tigto] =7l AEYA JEE 0
oA 1Afe]9] o tHSH= A4 5 shtotk 2R ¢
20| 7| =R 1~4% F= & o] A& FAt
o] 7} Em, ojufo] CWSI= 00] Hr}. BRIt = 29
o] 7|2k 4~6% He =& B9 A= F
A B8 3R] A =W, CWSIZ} 10] =} (Jones, 2004;
O’Shaugnessy et al., 2012).

CWSIE 4Hgst= Whiloll= 282 W} o] 24 ol
itk Idso et al. (1981)] <&J8 7wl CWSI A
(empirical CWSI)2 th7|-2 =9} & 18|31 A& =] 371
A g AHgste] ZHHsHA APgE 4= Qloh v A=
Aol Qlo] ti7l 5= Wut ofyet 59 o B W2
gt 39 gih Zo] A= o2 gxo] digh ujr Mo

12131, Jackson et al. (1981)0] <z, LA}
= 138 4 3l CWSI o] 22 (theoretical CWSI)S

0
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i
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& oA SAPRAE 7RO s, 7]
G G S 4 210 8] 248 olgeo

= 0olck Witz FARHEE 5 948 AL TE Todh 27
CWSI= 10] Ht} (Agam et al.,, 2013). & Lo A= CWSI
O|EAE ol g3HH O (Fq 2-4), 108 A= 24 7]
4 E G ARE HERC R ALt 102 @9 CWSIE 28

ﬁ[‘
O

3 4t CWSIE Astslch
(d7—dT)
CWSI= a7y @
a1, =r,(R, - G)/YC, (€)
a7 = [r,(R,— @/ (YC)| K/ (~ + K)— VvPD/(~ +K)] (4)

ol71Al, dT= Gt 7] =719 Zpe] (°0), dTu= 5=
AEH 2R Qe FAto] Youha] o= AIZHe] -} o]
Q7] Aol (°C), AT HE3E W= Q3 RAEH A

7F gl W] et tf7] 2=k Aol (°C), R EA]
A (W), ~& Z857]da 2529 v (kPa C), K=
ALA A2 (KParPC), n= B/ A (shm), Y& 27]UE
(Kg/nt), Cp= S82F (1013 Jkg - °C), VPDE= 27|13} (kPa)
183 G EY] v|g (W')o|ch

CWSI9] 4Hgol| Fagt 24520 & S48 A9 AlA
(SI-431, Apogee, USA) & &-&35}3ict A QA AAQ] Alokz)
& Tejstol AR o) 9iAah 9le] 1520 cm Ho}7)
QAo Ao AMAE 14ste] dA|skelar, el =S4
Ao REF 104 (A oR AL SAsiGinh ti7] 255 Al
4] (SHT110, Mirea sense, Korea), LYAEFA (PYRANO-70,
Mirea sense, Korea), A}7]-$-27] (WDR-205, Weedam, Korea)

18]31 <474 (AKitl, DFrobot, Korea) = 7|4} #=-8 AllA
2 Az5la, 108 7oz dx|de] e 1 74} glolE
2 sttt

AT i BT ST ) AR Slo) 71
g (s, 1o ket ool S
upgko 2 slo] ARG Agelolck Tebs vz} oA
REhte] 24k 20| BE aglow Wal o
7HS BAo A A 95kt T3 Guisard (2008),
Garcia y et al. (2014)9] Aol A 24 10A]5E] 23 3A|7}HX
24} S50] P kel B E Al Zaste] 1 o
FOAE 24 104158 23 347K 248 FAAN TS
uasle] Be R 2AEE 717he Akl

3. a2

At fﬂﬂ]?i%'—ﬂ APYE CWSI2] Fatol] T3t 57
A USLE A4 (NOVA s B0 212t
o #jelo] e mu He Bl Aelsh, Bl
11l 6} 12 T2 715 g Aflel A o0
7h 13w ol 7k Hol7} QLA S $AISH Duncan's
multiple range testS AF§5HIC) ek A2lol mE o2}
CWSIe| tfslf 7]73dAtmete] Fjojd: /AfAl4> (Pearson’s
correlation coefficient)S AFASIAL, 71A4F A= e}e] ANt
S5 BReST), Tol AL Al HE
4] (Cauchy-Schwarz inequality)o]] ]3] ¥H4> Alo]2] A& 4|
£ 1A -17HA] 9] Heg F3sk= B4 grolct A7t
10| = W7} QbARE o] AdeAIZE Q1AL 10| gt
+9] o] e oufeith 18ar 09 g g Teld
S5 WAL H2 Ao FHIth AL djojs At
A 59 A EAE SAS Enterprise 7.1 L2 1L 0235

fom, Fo5E2 0.055 7302 E4s14th

2
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1 Comparison of canopy temperature depending upon irrigation
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treatment schemes (note: A, B groups by Duncan’s multiple
test)
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Fig. 2 Comparison of (T.—T,) depending upon irrigation treatment schemes (note: A, B, C groups by Duncan’s multiple range test)
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A7 2018\ 74 14U 5E 9 27U7IA] F 76
RE 10AIRE 15A74A] 9] Bt 7] 202°C~35.9°C (B
29.6°C)o| ™, & AARFL 0~15.9 MJ (4 10.7 MI/m) =
Uehg 2 Ao A R AARREe] 12 MIm?® o<l 7]
R LR siglon, o= & A7IZR1 764 F 4339
S (72 GAFS] A1 60%)5h= Ao YERTh A7)
7H529 0.5~80.5 mm/day®] 231 2R 7F07} 163 (=4 7}
= 379.0 mm) 7} EAYSHTH

AT S4E 929 H9 (B HAh) = A
oA 25.6~39.5°C (34.6+3.7), A 2|F-20]4 24.0~38.0°C
(33.543.7), Ag]7-30)|4] 22.5~37.0°C (32.6£3.9)2 A g] -3
oA 7P WA dersth ti7]2E et 429 #sk= 795
8Y ST Ad5dl7) 89 F4 o] & sl Aol
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el

g g=29| #st

>
A

Q]
=

&
Ko

26 « Journal of the Korean Society of Agricultural Engineers, 61(5), 2019. 9

BO] % 150 URroltla, Ael-1a Aol Ajojo B
AHoR fofg Aot vhehhiz A0 FAHC (Fig 1)

Mol ZA4b 247 AW AL} grlewe] ol
(Canopy temperature-Air temperature, T-T,)+= Fig. 20]|4] Eo]
L 3} 7o) A Aelol et st 2hol} ekt
AT G2-tf7]1 2= 9 (BuEsHA) = A2
oA 1.73~4.95°C (2.92+0.78), A &|---20)4] 0.43~2.96°C
(1.83+0.64), H&G--3014] -0.16~2.12°C (1.01£0.47)2 ]
T304 71 WA YERTE Duncan’s multiple range test 2
I} A9 B 183l CYf Al IFl s Yol FAA SR
ot atol7h Ueh= Zog BT

P2 712, A F5tole oF (He A
el WA, Ao 2 ()9 AT Rt
I} 71 28] AT 09 oo R & TS Hle

3T O

=

=

%

filo

e Aom ZAESIH (Table 1).
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Fig. 3 Linear regession of canopy temperature with a change of air temperature

Table 1 Pearson correlations between meteorological data and

canopy temperature (n=1,290)
Class. Alr Relgtwe Sglgr Wind speed
temperature| humidity radiation
Tr—1 0.949 -0.186 0.237 0.232
¢ 0.0001 { 0.0001 { 0.0001 { 0.0001
0.938 -0.194 0.240 0.207
Tr=2
{ 0.0001 { 0.0001 { 0.0001 { 0.0001
Tr—3 0.936 -0.220 0.232 0.267
{ 0.0001 { 0.0001 { 0.0001 { 0.0001
o] =2 7]t g9 ﬂﬂ#ﬁ% ZAleHE s

sh4 9pobe Wt il HolAl

of #f=

49, S AR g

EYS UPOR o ssle

ERE Yol 40°Ce] E%}@} 'IH ales

13
2 3

=

37.4°C, #g)F-2L 38.4°C, A2+

7
9l 3
5

2 0 Y o] ofh

glolej7} g 914
3 4= Qllt (Fig. 3)
= 7leo] Ho i

3= 38.8°Coln, 7]20]

0.6

CWsI

0.4

0.2
o

——

0.0 -

Tr-2

Tr-3

18-7-14

18-7-29

18-8-13 18-8-28

Date

18-9-12  18-9-27

35°C o o] A== JL Au|t-1= 37.8°C, A2

36.7°C, A3+ 36.1°C2 of|&EQith o]= 35°C o]Al9]
ZYGoM = & o wet & Ee 7122 2°C A= 2
87 3 % ek 22 Yujstul, Ao R 2go] 7]
L R AEdA] ARolE GG F OR PEE. 1
Yut A 7] 528 "o} 7]20] 40°C o)Ato] EHH &
o] 7Pt & el BAIGl] TUTH A b AL
2 o &E]7] gzl ¥ Fopo] &2 Ql Ak} ot 715
ot AT 4= gl T Tk B A T v)o] FkdoR
e oz AlrEr:

A AP E CWSIO] W] (HitEZ AP S v ws}
W Z2]7-10]4 0.52~0.98 (0.79£0.10), Z]2]7-20] 4 0.47 ~
0.94 (0.7120.11), A2 73004 0.40~0.85 (0.64+0.09)% L}e}
STk AT EH7IZE B SR B BE AT 290)

1.0

0.8 -

—>

——iw

0.6 -

——i0

CwsI

0.4 4

0.2

0.0 ‘ ‘ :
Tr-1 Tr-2 Tr-3

Plot

Fig. 4 Comparison of CWSIs depending upon irrigation treatment schemes (note: A, B C groups by Duncan’s multiple range test)
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Table 2 Pearson correlations between meteorological data and CWSI (n=1,290)
Class. Air temperature Canopy temperature el Relative humidity | Solar radiation Wind speed
Tr—1 0.005 0.119 0.386 —0.452 0.653 0.528

0.8541 {0.001 <0.001 {0.001 {0.001 (0.001
Tr—2 —-0.009 0.085 0.352 -0.472 0.666 0.504
0.7520 0.0022 {0.001 {0.001 {0.001 0.001
Tr—3 0.146 0.232 0.406 —-0.524 0.684 0.541
<0.001 {0.001 {0.001 <0.001 {0.001 (0.001

mzoll AE717E 2710l Aol weh 4 AEH A 2 o] Uittt ol= Al & BeE Aejstd FUe B

o] 2/J=|A] Zate] TRkl w2 CWSIS] Afol7F A7) gke 7 20E Aol fAlskaLAL skl oY, AEo) S d

Aoe Wtk ARl Adgol wet Aelie] g A BE EE 24 7)]9) oA 5 A - 9o

CWSIZ} 42} ol Aol SEAA Yepir) 89 2 2 gL

710l Agjt-30)4 A2k CSWIZE &4 APdE 717t

1.0
0.8 A
_ 0.6 1
(2]
=
(@)
0.4 -
o Tr-1
O Tr-2
02 v Tr-3
—————— Tr-1 regression curve
— — —  Tr-2 regression curve
0.0 Tr-3 regression curve ‘
600 700 800 900
Solar radiation (J/m?)
(A) Solar radiation vs, CWSI
1.0
0.8 A
_ 0.6 A
[72]
=
O
0.4
[ ] Tr-1
O Tr-2
0.2 1 v Tr-3
T m————— Tr-1 regression curve
— — —  Tr-2 regression curve
—— Tr-3 regression curve
0.0 T '
20 40 60 80

Relative humidity (%)

(C) Relative humidity vs. CWSI

n
=
(@]
[ J
O Tr-2
0.2 1 v Tr-3
T mm————— Tr-1 regression curve
— — —  Tr-2 regression curve
Tr-3 regression curve
0.0 T "
1 2 3 4
Wind speed (m/sec)
(B) Wind speed vs, CWS|
1.0
0.8 1
_ 061
w
=
(@]
0.4 -
Tr-3
024 ______ Tr-1 regression curve
— — —  Tr-2 regression curve
—— Tr-3 regression curve
0.0 , , ' ' '
-1 0 1 2 3 5 6
Tc-Ta ('C)

(D) Tc—Ta vs. CWSI

Fig. 5 Effects of meteorological data on CWSI
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A} A9 B 12|31 COf A 5o el HlaL, AR R
Rk Aol7k Yehts ACZ 24 (Fig. 4). d2-H
71250 EAhEA Avel Tt Auprt et of= 2
= LB A A0 Abge] Qlof ©ed] 2he A2 el

IS W Ao ofU1, /1S F4 Teln S B
7R 29150] BHOR 7]elsh] fEel Ao W
e,

CWSI= dxsfat < 12l J-t7|= % (T-T,) Ak
oA F (D9 A ERlEISaL, CWSISH s e
S (9] AATF e CWSISH 7123} €2 AfolofA
= AHAZE o AR EAEQIT (Table 2).

McCann et al. (1992)2] S-tof W= CWSIL} <4 Alo]
ol o ATt 952 9l dl §hsll, O'Toole and
Hatfield (1983)= = &=7toll= =9 oA 7E Uetstt

eIk o] CWSIZF 2AE Aew 714k QRS

=]

al
< P Al wheh APYE Zo)7] wilEe) 54 714
o]

AE9] A w9 =AY B e §iokal 2
o e g Ao gt B AfdMe dARE
(R=0.684), F2 (R=0.541), ASE (R=0.524) 12|11 P&
7% (R=0.406) =02 A TF =4 Uekych

7141z gt CWSIe] B2 & W Fig 59 2t} A
o7 AR} F4o] S7FRE CWSIZL S71ehe A
o] Yehi= v, s e 371845 CWSIZL H4dh=
ZgaFo] Uetth gt 714 2A0A Ao et 7]1&7]
O] Mh= 2N Y& ko R o)y sk 2SRl &
T e} ERE G272 (Te-Ty) F=ollkl= CWSIS| #32
7F Aol whet ¢ ko R Y o)Fdhe AL & 4= 9tk

Aoz go[ee] £ ofFoA Kool FUdt 71 =
oM A 230f| webA 2] AEH AV} S4ske Jle
Hojae= Zle ofulsiu, 29 B 5l CWSI9| AHe S5l
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